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MEASUREMENT OF THE APPARENT FLUIDITY OF 
DISPERSIONS OF CELLULOSE IN CUPRAMMONIUM 


SOLUTION 
By Ralph T. Mease 


ABSTRACT 


The importance of the cuprammonium fluidity test for the indication of funda- 
nental change in cellulose, particularly in the earlier stages of degradation, is 
jite generally recognized. Without special equipment and technique, however, 
the test is difficult to perform. It is the object of this paper to describe relatively 
simple equipment and technique found practical for measurement of the apparent 

luidity of dis spersions of cellulose in cuprammonium solution. 

Directions are given for the preparation and storage of the cuprammonium 

lution; for the construction and calibration of viscometers; for the dispersion 
f cellulose in the cuprammonium solution; and for the measurement of the 
juidity of the dispersion. Some of the difficulties which arise in precise measure- 
ments are indicated, and data illustrating the duplicability of results are presented. 
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I. INTRODUCTION 


It has been observed that the quality of cellulose is indicated by 
its tensile strength, copper number, methylene blue absorption, and 
the apparent fluidity of its dispersions in standard cuprammonium 
solution.’ The apparent fluidity of such dispersions has been found 
to be a much more sensitive and precise measure of the changes in 
the quality of cellulose brought about by the action of light, heat, 
laundering, and chemicals, particularly in the early stages, than is 
afforded by the other methods. 

Although cellulose can be dispersed in certain salt solutions 

| in concentrated mineral acids,’ * considerable hydrolysis of the 


234 


: harles 1 dorée, Methods of Cellulose Chemistry (Chapman & Hall, Ltd., London 1933) 

i E. Williams, The action of thiocyanates on cellulose, J. Soc. Chem. Ind. 40, 221T (1921). 

P. P. von Weimarn, Bemerkungen tiber meine Methode der Dispersion von Zellulose in konzentrierten 
wasserigen Loswngen neutraler Salze, Kolloid-Z. 29, 197 (1921). 

‘P. P. von Weimarn, Ueber die Eigenschaften der “‘reinen’” Zellulose als Kolloid, Kolloid-Z. 44, 212 (1928). 
i 2 cm net, Cellulose colloids, soluble et insoluble; Constitution du Papier Parchemin, Compt. rend. 

i 
*R. Willstatter and L. Zechmeister, Zur Kenntnis der Hydrolyse von Cellulose, Ber. deut. chem. Ges. 46, 


2401 (1913), 
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cellulose may take place. Cuprammonium solution, however, appears 
to come closer than any other known dispersing agent to being ; 
true physical solvent for cellulose.’ Although cellulose regenerate; 
from cuprammonium solution is in the hydrated form, there js ey;. 
dence which indicates that it has undergone less change in the proces 
of solution and regeneration than when other available dispersing 
agents are used. Cuprammonium solution is therefore regarded }y 
many as the best medium for the examination of cellulose in a highly 
dispersed state. 

The principles upon which fluidity measurements of cellulose goly. 
tions are based are adequately described elsewhere.’ Considerable 
difficulty, however, is met in duplicating fluidity measurements. The 
preparation, preservation, and handling of the unstable cuprammo. 
nium solution; the construction and calibration of viscometers: the 
dispersion of high-grade cellulose; and the adequate control of temper. 
ature while the measurements are made, require special equipment 
and technique. The reliability of the results obtained is determine: 
by the precautions taken in the experimental details, the omission 
of any of which may lead to erroneous results or complete failure. 

It is the purpose of this paper to describe simple laboratory manipv- 
lations; convenient and inexpensive equipment which is readily 
constructed and is suitable for the measurements; and to present dats 
obtained under practical working conditions to illustrate the pre- 
cision obtained. 


II. CUPRAMMONIUM SOLUTION 


Cuprammonium solutions of different concentrations of copper an 
ammonia have been used for the dispersion of cellulosic materials: 
The ability to disperse cellulose and the flow characteristics of th 
resulting dispersions depend upon these concentrations. Solutions 
relatively high in ammonia content are better dispersing media than 
similar solutions of lower ammonia concentration.” 

A solution containing 240+5 g of ammonia (NH3) and 15+0.1 g oi 
copper per 1,000 ml is satisfactory for the dispersion of cellulose of 
different forms, including cotton fibers which have not been subjected 
to any drastic chemical processing. Dispersions of high-grade cotton 
have fluidities as low as 1 to 2 rhes " in a 0.5-percent solution and are 
relatively difficult to disperse. The regenerated celluloses, and cellu- 
loses modified by bleaching, heating, laundering, or industrial process- 
ing are more readily dispersed. A solution of lower ammonia concet- 
tration could be used to disperse these materials. 

Figure 1 is a diagram of the equipment for the preparation of the 
cuprammonium solution. The Pyrex-glass cylinder, 13, approximately 


7 Alfred J. Stamm, Colloid Chemistry of Cellulosic Materials, U. 8. Dept. of Agriculture, Mise. Pu! 
240, p. 26 (1934). ; 

§ D. A. Clibbens and A. Geake, The measurement of the fluidity of cotton in cuprammonium solution, J. Tex 
tile Inst. 19, T77 (1928). : ; 

°K. K. Carver and Harold Folts, The plasticity of cellulose in cuprammonium hydroride, J. Am. Chem. 50 
47, 1430 (1925). 

10 The Effect of Variations in Ammonia Concentration on the Fluidity of 0.5-Percent Cellulose Solutions 
a= III. The Viscosity of Cellulose Solutions. Dept. Sci. Ind. Research (Brit.) Comm. Repts 

1932). 

it According to the definition by the Society of Rheology, a ‘“‘rhe’’ is the unit of fluidity in the cgs system 
The fluidity of a simple liquid is the reciprocal of the viscosity. It must be recognized that dispersions 
cellulose in cuprammonium solution do not behave like simple liquids, since the rate of shear is not propo 
tional to the shearing stress, and that the terms ‘“‘fluidity’’ and ‘‘rhe” as applied here are not in strict accord 
with the conventions of rheology. We are concerned here with what may be called “apparent fluidity’ # 
indicated in the title. 
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Mease} 


' oo em in diameter and 29 cm deep, rests upon the circular brass 


plate, 12, and is covered by the iron cover, 11. This cover is held 


in place by the bolts, 15, and a tight seal is obtained with the rubber 
' casket, 10. The cover is fitted with the iron air-intake tube, 7, a 


hearing for the iron stirrer shaft, 9, a capillary exhaust tube and rubber 


F stopper, 22, and the siphon, 14. The end of the shorter arm of the 


siphon is placed 1 to 2 em above the bottom of the glass cylinder. 
The upturned end, 16, of the air-intake tube passes through a hole 


‘in the hollow crossarm of the stirrer and is fitted with an iron collar 


serving as a bearing for the rotating stirrer. The cylinder thus fitted 


Fis placed in the double-walled sheet-copper container, 5, with rock 


wool between the walls for thermal insulation. The air-intake tube 
is connected with the gas-washing bottle, 4, containing concentrated 
ammonium hydroxide of specific gravity not over 0.90, and with the 
differential manometer, 3, and the trap containing glass wool through 


which the air is introduced at 1. The manometer and capillary serve 


Ficure 1.—Mquipment for preparing standard cuprammonium solution. 
inlet; 2, capillary flow regulator; 3, manometer; 4, reservoir for ammonia; 5, insulated container for ice; 
low arma of stirrer; 7, iron tubing; 8, pulley; 9, shaft; 10, crude-rubber gasket; 11, iron plate; 12, brass 
plate; 13, Pyrex-glass cylinder, 12 by 12 inches; 14, siphon; 15, iron bolts; 16, bearing for stirrer; 17, rubber 
mnections; 18, 12-liter Pyrex flask; 19 and 20, rubber connections with pinch clamps; and 21, hydrometer. 


as a flowmeter to facilitate the regulation of the rate of flow of air. 
Arate of 10 liters per hour, at the pressure necessary to force it through 
the system when charged as directed below, is satisfactory. 

The length of the capillary convenient for constructing the flowmeter 
to deliver approximately 10 liters of air per hour at room temperature 
can be calculated with sufficient accuracy for the purpose by arbi- 
trarily choosing a convenient difference in the level of the water 
columns in the manometer, and using the equation 


1=0.76 hr’, (1) 


where h is the difference in the water levels, r the radius, and / the 
ength of the capillary in centimeters. 

The space between the glass cylinder and the inner wall of the insu- 
ated copper container is packed with ice. The cylinder, 13, is charged 
with 15 liters of ammonium hydroxide solution of specific gravity 
0.88 to 0.90. The stirrer is rotated at about 30 rpm and 15 g of cane 
sugar followed by 900 g of precipitated copper powder are added. The 
opening in the cover is then closed with the rubber stopper and 
capillary tube, 22. The wash bottle, 4, is charged with 2 liters of 
ammonium hydroxide of the same concentration as that used to charge 





274 Journal of Research of the National Bureau of Standards  ;,, 


the cylinder. The flow of air is then started. If, during the operg. 
tion the ammonium hydroxide solution in the wash bottle changes 80 
that its specific gravity becomes greater than 0.90, it should be 
replaced or some gaseous ammonia added. The change in concentratio, 
of this solution can conveniently be observed by temporarily stopping 
the air flow and observing the reading on the hydrometer, 21. The 
stirring and the flow of air are continued until tests show that the 
concentration of copper is a little more than 15 g per liter. 

For the purpose of observing the change in concentration of djs. 
solved copper, the stirring is stopped and the undissolved powdere) 
copper permitted to settle for a few minutes. A portion of the soly. 
tion is drawn out by means of a pipette fitted with a rubber bulb and 
5 ml of it is placed in a 50-ml Nessler tube and diluted to the mark 
with water. Five ml of a copper sulfate solution containing 15 ¢ of 
copper (59 g of CuSO,.5H.O) per liter is placed in a second Nessle 
tube, 10 ml of concentrated ammonium hydroxide is added, and the 
mixture diluted with sufficient water to fill the tube to the mark 
When the color of the copper solution taken from the cylinder is jus 
noticeably deeper than that prepared from the copper sulfate soly- 
tion, the stirring and air flow are stopped and the mixture is allowed 
to settle overnight. 

A 12-liter Pyrex flask, 18, is provided with rubber stopper, connec. 
tions, and clamps as shown. The air in it is displaced by nitrogen by 
passing the gas into the flask through the opening, 20, and exhausting 
through 19. After the air has been displaced, the openings are closed 
by means of the clamps and the flask is weighed. The cuprammonium 
solution is then transferred from the cylinder in which it is prepared 
to the flask by connecting it with the siphon at 14. The flow is 
started by air pressure applied through the tube, 22, after opening 
the clamps, 19 and 20, and continued until the flask has been filled 
within about 10 cm of the stopper, when the flow is stopped by closing 
the clamp at 19. The clamp at 20 is also closed to prevent air from 
entering the flask, which is packed in ice or placed in a refrigerator 
and allowed to stand overnight to permit any undissolved copper to 
settle. The solution must be kept cool and in a closed container at 
all times to prevent the escape of ammonia and reaction with air. 

About 100 ml of the solution is removed from the flask for analysis 
by attaching a glass tube to the rubber tube at 19 and one at 20 
through which a stream of nitrogen can be forced when the clamps 
are released. This portion is also kept on ice. The clamps are closei 
and the flask and its contents weighed. 

A 5-ml specimen of the ice-cold solution is pipetted into a 300-m 
Erlenmeyer flask containing at least 50 ml of standard approximately 
2 N sulfuric acid. The solution is added slowly with the tip of the 
pipette touching the bottom of the flask, which is cooled in ice water 
A few drops of methyl red indicator are added and the sulfuric acid 
not neutralized by the cuprammonium solution is titrated with 
standard approximately normal sodium hydroxide solution. A seconé 
5-ml portion of the cuprammonium solution is placed in a 250-nl 
beaker, diluted with about 20 ml of distilled water, acidified with 
sulfuric acid, and the copper determined by electrodeposition.” 


“W. F. Hillebrand and G. E. F. Lundell: Applied Inorganic Analysis; with Special Reference to th 
Analysis of Metals, Minerals, and Rocks, p. 197 (J. Wiley & Sons, New York, N. Y., 1929). 
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The cuprammonium solution prepared in the manner described 
contains a little more copper and ammonia than required for use and 
needs to be diluted with ammonium hydroxide of the required con- 
centration. The volume of the cuprammonium solution to be re- 
moved and replaced by an equal volume of ammonium hydroxide 
mav be calculated by the formula: 


py (Cu—15)(W,— W,) ” 
pCu, 2 





and the concentration of the ammonia solution to be added is: 


248 Cu,—51(Virnsoy: Nitos0,— Vaon* Nnaon) 


Cu,—15 (3) 


fn | 
( NH3—— 


where 
Cu,=the number of grams of copper in 1 liter of the solution as 
prepared. 
\,=weight in grams of the flask filled with nitrogen. 
\j ,— weight in grams of the flask filled with the solution as prepared. 
o=density of the solution in grams per ml. If the directions for 
preparing the solution are followed, this may be taken as 
0.93, or the density of the solution adjusted to the proper 
concentration for use. 
normality of the stancard sulfuric acid solution. 


Negou = normality of the standard sodium hydroxide solution. 
Vvoon==volume in milliliters of the standard sodium hydroxide re- 
quired for the titration. 

2,0, Volume in milliliters of the standard sulfuric acid used. 

V=volume in milliliters of the prepared cuprammonium solution 
to be removed from the flask and replaced by an equal 
volume of ammonium hydroxide solution of concentration 
Cyn, ¢ Of ammonia (NH;) per liter. 


Nuspo, 


, 


The solution to be added is prepared from concentrated ammonium 
hydroxide (sp gr 0.88 or less). Five ml of the concentrated ammonia 
solution is analyzed for ammonia content in the same manner described 
for the titration of ammonia in the prepared cuprammonium solution. 
A measured volume, V,,, in milliliters equal to or greater than V (for- 
mula 2) is taken to adjust to the concentration Cy, (formula 3). The 


volume of water, Vy,0, in milliliters to add to this volume is: 


_3.4 Vin (T'xs004-V nge04— Txeon-Vxaon _ af 
Cnus 


Where T'y,50, aNd Tyson are the number of milliliters of standard sul- 


furic acid and standard sodium hydroxide solutions, respectively, used 
in the titration. The calculated volume of water is added to the 
ammonia solution and well mixed in a stoppered bottle. 

The volume of solution, V, is removed from the flask in the manner 
previously described and an equal volume of the ammonia solution 
prepared is added to that in the flask through opening 19 (fig. 1), 
care being taken to minimize the loss of ammonia by keeping the 


(4) 





V H20 
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solutions cold. The contents of the flask are well mixed by shakine 
and permitted to stand, preferably overnight, to permit any ‘powdered 
copper which may possibly be present to settle. The solution is the, 
transferred to the flask 1 (fig. 2). a 

Figure 2 is a diagram of equipment designed for storing the suppl 
of cuprammonium solution in an accessible manner. It consists ¢: 
the 12-liter Pyrex flask, 1. jy 
the cold chamber of a refrizey. 
ator, 2, and the Kipp’s gene; 
ator, 3, with the connections 
shown. A copper tank, 4, jy 
which the flask containing the 
solution is fastened, may he 
packed with ice as a preeau- 
tion against failure of tho 
mechanical refrigeration. 

The Kipp’s generator js 
charged with nitrogen and 
solution of pyrogallol.’ The 
pyrogallol solution serves to 
supply the necessary pressure 
to deliver the cuprammoniui 
solution when needed and to 
absorb oxygen which may be 
in the commercial supplies of 
nitrogen. The surface, 5, of 
the pyrogallol solution exposed 
to the air is covered with a 
layer of mineral oil to lessen 
the absorption of atmospheric 
oxygen. 

Preliminary to introducing 
the solution into the flask, the 
air in it is displaced by nitr- 
gen. The nitrogen is passed 
into the system at 6 with stop- 
cocks 10, 8, and 7 opened and 
9 closed. After the air has 
1, 12-liter Pyrex flask; 2, refrigerator wall; 3, Kipp’s gen- been removed, all the — 
"erator; 4, copper tank; 5, level of liquid incharged Kipp's cocks are closed and the Tow 

generator; 6, inlet for nitrogen; 7, stopcock for filling; 8, of nitrogen into the Kipp’s 

stopcock for tapping; 9, stopcock for releasing pressure ¢ , . : 

in flask when filling; 10, stopcock for controlling flow of genererator 1S continued until 

nitrogen; and 11, filling tube. the level of the liquid is raised 
to position 5, when the flow is stopped. To transfer the solution 
from flask 18, figure 1, to flask 1, figure 2, the tubes 11, figure 2, 
and 19, figure 1, are connected by means of a rubber tube which 1s as 
short as practicable. The clamp at 19 and stopcocks 7 and 9 are 
opened and the solution is forced into the receiving flask by admitting 
nitrogen under slight pressure into the first flask through the opening 
at 20. 


13 Prepared by dissolving 15 g of pyrogallol in 5 to 10 ml of warm water, which is then added to 100 m! 
a solution of potassium hydroxide saturated at room temperature. 














Ficure 2.—Refrigerator for storing and de- 
livering cuprammonium solution. 
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After the solution has been transferred, stopcocks 7 and 9 are closed. 
stopcocks 10 and 8 are opened to remove the solution as needed 
shrough the capillary tube 12, which extends through the wall of the 
-o(rigerator. Stopceock 8 is fitted with an extension as shown. 
~ After the solution has been adjusted for concentration, it is analyzed 
once more for ammonia and copper in the manner previously de- 
«ribed. The ammonia content of the cuprammonium solution in 
rams of ammonia per liter is given by the formula 


‘ (17 AT 4 T ya BS 
3.4 (t 1 804'/Vuyso0,— I naon’Vnaon— 90.157 Cu,) (9) 


with the symbols used as in the previous formulas. 

In addition to the determination of copper and ammonia, the solu- 
tion is analyzed for nitrogen in the form of nitrates and nitrites 
with a nitrometer. 

If this nitrogen calculated as nitrous acid is more than 0.5 g, or 

ihe concentration of ammonia (NH;) other than 240 +5 g, or the 
copper concentration other than 15+0.1 g per liter of solution, the 
slution is discarded, or adjusted to the proper concentration, if 
practicable. 
' Solutions prepared and stored in the manner described can readily 
ve duplicated and will not change measurably over considerable time. 
Table 1 gives results of analyses made of a 12-liter lot of solution 
when first placed in the refrigerator and after approximately 11 months 
of storage, during which time about 9 liters of the solution was used 
ior making fluidity measurements. 

The results of analyses of a second solution prepared to replenish the 
laboratory supply are also given in table 1, and illustrate the degree 
of duplicability attainable with ordinary care in the preparation of 
standard cuprammonium solutions. 

Results of analyses of standard cuprammonium solutions indicating the 


permanency on storage and duplicability of solutions prepared ai different times by 
1 standard procedure 





Solution 1 Solution 2 





! | 
W hen first | After 11 months’| When first 
made storage made 





14. 96 
239. 8 
<0. 5% 





Ill. THE VISCOMETER AND ITS CONSTRUCTION 


A viscometer for measuring the fluidity of cuprammonium disper- 
‘ions of cellulose has been described by Clibbens and Geake. An 
ulaptation of the viscometer with accessories is shown in figure 3. 
The chamber, A, of the viscometer 1s constructed from Pyrex tubing 
. Determination of nitroyen of nitrates (and nitrites) by means of the nitrometer. Standard Methods of 
Kok 7% third edition, 1, 353, edited by Wilfred W. Scott (D. Van Nostrand Co., Inc., New 
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of inside diameter 10+0.25 mm. The capillary discharge tube, p is 
also of Pyrex with an outside diameter of 642 mm and an inside 


diameter of 0.88+0.02 mm. 
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FiGuRE 3.— Vis- 
cometer and 
accessories. 


A, body of viscometer; 
B,capillary discharge 
tube, 0.88+0.02 mm 
inside diameter; 
C, steel plunger; 
Cc’, side view of 
plunger; D, rub- 
ber stopper; EF and 
N, flanged rubber 
tubes; O and G, 
clips; H, glass capil- 
lary tube; J, rubber 
stopper; J, metal 
hooks to take rub- 
ber bands; F and L, 
metal collar; and 
M, and M3, calibra- 
tion markings. 


carborundum of about 150 mesh. 


The markings, M, and M,, on ¢} 
outside of the wall of the body of the viscometer a 
spaced at the distances indicated in the figure with 
respect to the capillary opening. 
_To construct the viscometer, glass tubing of the 
dimensions specified is chosen. All indicated dimen. 
sions of the viscometer, with the exception of the 
diameter of the capillary discharge tube, can be 
determined sufficiently closely by an ordinary scale 
craduated in millimeters. In practice several capil- 
lary tubes may be roughly measured by means of g 
micrometer and glass rod drawn to a taper, the end 
of which is slightly less than 0.8 mm. By noting the 
section of the taper having a diameter of approx. 
imately 0.88 mm found by measurement with the 
micrometer, an approximate measurement of the 
capillaries can be made by inserting the taper in their 
ends and noting the depth of insertion. A length of 
capillary tubing found roughly to have an inside 
diameter of 0.88 mm is well cleaned by drawing a 
mixture of nitric and sulfuric acids through the tube, 
rinsing it with water and drying it with a stream of 
clean dry air. A more accurate measure of the 
diameter is then made by drawing sufficient clean 
mercury into the capillary to fill it for about three- 
fourths of its length. The length of the mercury 
column is measured and the mercury transferred to a 
tared glass vessel and weighed. The diameter of the 
capillary is then found by calculation thus: 


diameter in mm=3.06 (6 


where g is the weight of mercury in grams, and his 
the length of the mercury column in centimeters. 

A length of capillary tube of the specified diameter 
is sealed ® to the large bore-tubing, working glass 
into the walls of the sealed portion to give sufficient 
strength to withstand the action of the steel plunger, 
shown at C and C’, which strikes this part of the tube 
when it is used in effecting dispersion of the cellulose. 
After sealing, the capillary and large tube forming the 
body of the viscometer are cut to be a little longer 
than the indicated dimensions, and the excess lengths 
of glass ground away on a metal plate with water and 
During the grinding the inside 0 


the capillary should be frequently flushed with water to prevent lis 


becoming clogged. 


The markings M, and M, are placed by smoking 


the portion of the tube to be marked, in a gas flame, first marking 


18H. P. Waran, Elements of Glass-Blowing, chap. 3, on joining tubes (G. Bell and Sons, Ltd., London, 


1923). 
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the tube by a scratch through the carbon layer with the end of one 
leg of a dividing compass, while the other is set at the end of the 
capillary discharge tube with the dividers spread the required dis- 
tance. The mark is then impressed in the glass with a diamond, 
tungsten-carbide pencil, or file, while the tube is slowly turned in a 
lathe chuck with the portion of the viscometer clamped in the chuck 
protected with rubber tape. 

Accessories for the viscometer are also illustrated in figure 3. The 
rubber parts, H, D, N, and J, are molded from an uncured rubber 
compound and vulcanized, or buffed and carved into shape from rub- 
ber tubing and stoppers of appropriate size. Carving 1s facilitated 
by having the rubber and cutting tools wet with water. H is a 
short length of capillary tubing through which the air and excess 
jiquid are discharged when filling the viscometer. A plunger, Cand C’, 
made from \-inch steel rod with one end wedge-shaped and notched, 
is provided to agitate the contents when the tubes are filled and 
rotated end over end. This plunger should weigh 5.6+0.2 g and 
may be replaced by an equal volume of mercury (see footnote 10) 
when celluloses are to be tested, which are easily dispersed in the 
cuprammonium solution. Pinch clamps, O and G, are provided for 
closing the rubber fittings on the ends of the charged viscometer. 


IV. CALIBRATION OF VISCOMETER 


Viscometers for precise work require calibration, since it is imprac- 
ticable to construct them sufficiently close to specified dimensions. 
The method of calibration described by Clibbens and Geake, or the 


graphical method of Higgins '* ” * © may be used. 
The method of Clibbens and Geake consists in the determination of 
the instrumental constants C and K, by means of the equation 


C 
PF=—— + (7) 
p(t-F ) 

where F is the fluidity, in rhes, of a calibrating liquid of predetermined 
fluidity, t is the time, in seconds, of flow of the volume V, of liquid 
contained between the calibration marks M, and M;, and p is the 
density, in grams per cubic centimeter, of the calibrating liquid. For 
the determination of C a liquid of low fluidity is chosen so that the 
kinetic energy of flow is sufficiently small to be neglected, for the 
degree of accuracy desired in the measurements. For this purpose 
Clibbens and Geake use a mixture of water and glycerol of density 
"W. F. Higgins, On the methods and apparatus used in petroleum testing. Nat. Phys. Lab. Collected 
Researches 11, part 2, Viscometry, 3 (1914). 
Poh — H. Herschel, Determination of absolute viscosity by short-tube viscometers. Tech. Pap. BS 9, 
"Winslow H. Herschel, The standard Saybolt universal viscosimeter. Proc. Am. Soc. Testing Materials 
18, part 2, 366 (1918). 


: “Eugene C. Bingham, Recent progress in consistency measurement. Am. Soc. Testing Materials Sympo- 
sium on Consistency, New York, N. Y., June 29, 1937. 





280 Journal of Research of the National Bureau of Standards 


[Vol Ad 


1.1681 and fluidity of 6.83 rhes at 20° C. The constant, ©, is they 
calculated from eq 8, which follows from eq 7 when K=0. . 


C= Fot. P 


Two methods for finding K are also given. In the first method, the 
coefficient of the kinetic-energy correction, m, is taken as 1.12. the 
entire correction being 1.12 V/(Szlt). The constant K of eq 7 ‘a 
(1.12V/(8xl))C. In the second method, if ¢,, is the time of flow for 
water of fluidity F,, and C has been determined, . 


,  Fupte—Cte 
K ities #& ‘a p - 


where p may be taken as unity. 
In the Higgins method of calibration, 


»= At—2)) (10) 


where A and B are constants, B/t is the kinetic-energy correction, and 
by definition 7 is 1/F’, which is also the viscosity in poises. By com- 
paring eq 7 and 10, it may be shown that C=1/A and, provided K 
is accurately determined, K=CB. 

Two or more calibrating liquids may be selected so that their fluid- 
ities cover the range of apparent fluidities of the cellulose dispersions 
to be measured. It is satisfactory to use three liquids, one of fluidity 
3 to 5 rhes (viscosity 0.33 to 0.20 poise), another of 46 to 48 rhes 
(0.0217 to 0.0208 poise) and one of intermediate fluidity, 28 to 30 
rhes (0.036 to 0.033 poise). From the experimental data a graph is 
prepared by plotting n/pt against 1/t?._ For viscometers constructed in 
accordance with the specifications given in section III, using cali- 
brating liquids of the fluidities suggested above, the points represent- 
ing each of the three calibrating liquids should locate a straight line. 
The instrumental constant, A, is the intercept of this line on the n/t 
axis (where 1/t?=0), and B is the slope of the line. The calibration 
graph, extended, did not pass through a point obtained for water at 
20° C, for any one of the viscometers. Therefore, the relation K=CB 
does not hold when water is used as one of the calibrating liquids. 

Advantages of the Higgins method are that it does not necessitate 
the determination of V; nor does it involve the dubious assumptions 
that the kinetic energy correction is negligible for the calibrating liquid 
of lowest fluidity used; that the coefficient of the kinetic-energy correc- 
tion has a constant value of 1.12 ® #! ” for capillaries with a trumpet- 
shaped entrance, and that, when water is used as a calibrating liquid, 
there is no danger that it may exhibit turbulence or possess properties 
which cause annoying flow characteristics. In general, it seems safer 
to use calibrating liquids which cover approximately the same range 
of fluidities as the solutions to be tested. It has also been found that 
the Higgins method is the more convenient of the two, both as regards 
~ # E. O. Bingham, Fluidity and Plasticity, p. 20. (McGraw-Hill Book Co., New York, N. Y., 1922.) 

21 William Rieman, III, The value of the Hagenbach factor in the determination of viscosity by the effluz method 
J. Am. Chem. Soc. 50, 46 (1928). 


” L. W. Spooner and P. Serex, A new feature in the calibration of a capillary-tube viscometer, Physics 6, i€: 
(1935). 
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Mease) 
calibration, and in calculating F (equal to 1/n) from eq 10 rather 
than from eq 7. Both methods were used in the present work, how- 
ever, and the differences were never greater than 2 percent. The 
values shown in figure 6 were obtained by the Higgins method. 

Care must be taken in handling the calibrating liquids not to 
contaminate them or permit change of termperature while making 
the measurements. A, in figure 5, 
illustrates a form of vessel suitable 
for the purpose. It is filled with 
‘he calibrating liquid through B, 
which is then closed with a small 
stopper and is placed in the con- 
stuut-temperature bath illustrated 
in figures 4 and 5 to attain the 
proper temperature and supported 
insuch a position that the delivery 
tube C, figure 5, is directly over the 
opening of the viscometer in posi- 
tionready for measurements. The 
viscometer is filled by applying air 
pressure at /7. 

' The time required for the menis- 
cus of the liquid to travel from the 
top marking on the viscometer to 
the bottom one is recorded. From 
this time of flow, the viscosity of 
the liquid, the values 1/t? and apt 





previously referred toarecalculated. 

A thermometer, 1 (fig. 4), with a 
scale marked in tenths of a degree 
is provided near the chamber, 2, in 
which the viscometer, 3, contain- 
ing the fluid to be measured is 


shown in position. ‘The chamber, 
2, is made from large-bore glass 
tubing (about 4.5 mm inside di- 
ameter), with the lower end con- 
sisting of a short section of smaller 
glass tubing (2.2 mm inside diam- 
eter) sealed in the larger and com- 
municating with the exterior of the 
bath through a large rubber 
stopper, 4. The upper end of the 








Figure 4.—Water bath for controlling 
temperature while making measure- 
ments 


1, thermometer; 2, glass-walled water jacket for vis- 


smaller tube is kept closed when 
the viscometer is in place by the 
tubberstopper, D, and the chamber 
is completely filled with water of 
the proper temperature from the 


cometer; 3, viscometer; 4, large rubber stopper: 5, 
water reservoir; 6, tube for filling water jacket 
around viscometer; 7, long-handled stopper; 8, 
glass window 9, rubber tube and pinch clamp; 
10, stirrer; and D, rubber stopper supporting 
viscometer. 


reservoir, 5, by lifting the long-handled stopper, 7. Observations 
on the position of the meniscus of the liquid flowing from the vis- 


cometer, 


and thermometer readings are made through the glass 


window, 8. When the viscometer is to be removed, the;chamber, 2, 
is emptied by opening the pinch clamp, 9, with the upper end of 


tube, 6, closed. 
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When making fluidity measurements at or near room temperatyre 
the temperature of the water in the reservoir and around the viscomp. 
ter in place for making observations, can readily be kept constay; 
within +0.05° C by adding warm or cold water as needed. Suddey 
changes in temperature are avoided by using a rather large volume 
water in the reservoir which is well insulated and provided with , 
circulating device, 10. 

Liquids used as fluidity standards may change on storage. For th 
reason it is convenient in practice to calibrate a viscometer caref,)!\y 
and use it exclusively for the accurate redetermination of the fluidity 
of the reference liquid at the time it is to be used for calibration pur. 
poses. Samples of oil of known viscosity for calibration purposes cay 
be obtained from the National Bureau of Standards. 

In order to determine the weight of cellulose to place in a viscome- 
ter to produce a solution of definite and chosen concentration for the 
fluidity measurements of cellulose dispersions, the total capacity of the 
viscometer must be known. The empty viscometer with the ste¢l 
plunger and connections in place as shown in the photograph in figure 3. 
is weighed. Jt is then filled with water in such a manner as to displace 
all of the air in the instrument. It is wiped dry and again weighed: 
the difference in these weights in grams at room temperature is taken as 
the volume JZ, in milliliters of the viscometer. The amount of celly- 
lose specimen in grams required for a chosen concentration in percent 
on a dry basis is given by the relation 


0.93 LP 
100—M’ 


i) 
14 


(11 


where P is the percentage concentration chosen, and M is the percent- 
age of moisture in the cellulose. 


V. DUPLICABILITY OF VISCOMETERS 


The duplicability of viscometers when made by a laboratory 
technician of average ability in glass working is illustrated by results 
obtained with a group of viscometers which were made and calibrated 
as described. The capacities differed from 19.20 to 20.66 ml with an 
average difference from the mean value of 1.3 percent and of the 4 
constants from 0.000452 to 0.000593. Figure 6 presents data which 
show the duplicability of measurements obtainable with one viscome- 
ter, or with different viscometers which exhibit these differences in the 
A constants. The B constants differed from 0.200 to 0.220. The 
effect of the kinetic-energy correction, B/t on F is small when liquids 
of low fluidity are measured but amounts to about 14 percent of the 
value for F for liquids of fluidity of 45 rhes, which is the upper limit o/ 
the range of fluidities in which the viscometers are recommended for 
use. 


VI. PROCEDURE FOR THE DETERMINATION OF THE 
FLUIDITY OF CELLULOSE DISPERSIONS 


When the fluidities of cellulose dispersions are to be determined the 
viscometer serves as the container for the dispersion of the specime? 
in the cuprammonium solution. 





arch of the National Bureau of Standards Research Paper 1179 
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(Constant-le m perature bath for controlling the te m perature u hile making 
flow measurements. 


Special container with calibrating liquid shown at .4 
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To charge the viscometer with cellulose and cuprammonium 
<u tion, the capillary end is closed by means of the clip, collar, and 

ibber connections G, fF’, and &, figure 3. The wedge, C, is placed 

1 the tube and the tube is nearly half filled with cuprammonium 

. About one-fourth of this solution is permitted to flow 

at of the capillary by temporarily releasing the clip. Any remaining 

air which may be entrapped at the lower end of the capillary is dis- 
laced by pressing the rubber connection just above the clip several 
nes by hand. The calculated amount of cellulose for producing a 
lution containing 0.5 percent of cotton or 2 percent of rayon, is 
ytroduced into the instrument, which is nearly filled with cupram- 
nium solution, and the specimen carefully stirred with a fine glass 
to dislodge any entrapped air. The viscometer is completely 
led with cuprammonium solution and closed by means of the capil- 

ry tube, rubber stopper, flanged rubber tube, and collar, H, J, N, 
ud L. In so deg, cuprammonium solution will be forced through 

capillary and will partly fill the flanged rubber tube. To insure 

he ldasouaan of all of the air, the rubber tube is completely filled 
l, solution and then closed with the clip. The parts are kept in 
on the ends of the viscometer by rubber bands on the hooks 
rovided for the purpose. ‘The viscometer is then placed on a suitable 
levice, protected from light, and rotated end over end at the rate of 
out 4 rpm until the specimen is completely dispersed. Rayons, 
aclied cotton, and degraded celluloses may be completely dis- 
vsed in about 4 hours. Cotton celluloses of fluidities less than 3, in 
).5-percent dispersion, often require a longer time. An effective 
procedure for such specimens is to rotate them from noon of one day 
atil noon of the next, occasionally stopping the rotation and turning 

‘he viscometers about their long axes through an arc of approximately 

30° every half hour during the daytime. This is to permit the wedge 
slide down the sides of the tubes in different paths and remove the 

swollen cellulose which tends to adhere to the walls. A device now 

1 use in this laboratory which simultanteously and automatically 

both motions of the viscometer is more convenient and 


) 


rod 
A 


r dispersion is complete, the viscometer is immersed in the 
rin the reservoir (5, fig. 4) and permitted to come to the desired 
m mperature, It is then placed in position, 3, surrounded by water in 
acketed chamber, 2, and the rate of flow determined. The 
lity, n, of the solution is calculated by means of eq 10. 


if 


] 
iy 
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Vil. DUPLICABILITY OF FLUIDITY MEASUREMENTS 


Uispersions of cellulose that has not been degraded by the action of 

li, heat, chemicals, or other deteriorative influences have relatively 
w fluidities, and dispersions of modified celluloses higher fluidities. 
ihe iirst differ most from simple liquids and in consequence the results 
i tiuldity measurements of these are likely to be affected more by 
itierenees in viscometers. In order to show the duplic ¢ ability of the 
eusurements, the fluidities of cotton cellulose in 0.5- and ().25-percent 
ispersions and of rayon in 1-percent dispersion were determined. 
\ine of the visecometers of the group referred to in section V, including 
ue one with the lowest and the one with the highest value for A were 
‘ea. Duplicate measurements were made of the fluidity of the 
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material in each of the viscometers at 21°C. The results are presente; 
in figure 6. 

The average difference in the duplicate results obtained with eae! 
viscometer for the 1-percent concentration of rayon is 0.18; for the 
0.25-percent cotton, 0.31; and for the 0.5-percent cotton, 0. 09 rhes, 
The average deviations from the mean value for all 18 determination ; 
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FicurE 6.—Data showing the duplicability of results of measurements with the 
same viscometer, and with viscometers of the same type but differing in their 
characteristic constant, A. 


The results for two concentrations of cotton dispersions and one of rayon are given. The straight line repre- 
sents the mean fluidity of each group. 


of the fluidity of the rayon, 0.25-percent cotton, and 0.5-percent cotton 
are 0.17, 0.18, and 0.05 rhes, respectively. It is concluded, therefore, 
that the viscometers described are sufficiently alike for ordinary 
purposes. 


Acknowledgment is made of the invaluable suggestions of W. H 
Herschel on the calibration of viscometers. 


Wasuinaton, December 12, 1938. 
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PRINTING TESTS OF EXPERIMENTAL BOOK PAPERS 
By Merle B. Shaw and’Robert H. Simmons ! 


ABSTRACT 


In connection with the previously published study of the “Effect of filling and 
g materials on stability of book papers,’ RP1149, comparative measure- 
ents of printing quality have been made on 45 of the experimental papers. 
smoothness, oil penetrability, and air permeability were determined by labora- 
wry tests at the Bureau; the composite effect of all the factors that affect printing, 
py actual printing trials at the Government Printing Office. 

“For the same pulp furnish, the smoothness values of the papers were about the 
sane for precipitated calcium carbonate and clay, and less for natural calcium 
carbonates, titanium dioxide pigments, and zinc sulfide pigments. With respect 
to their influence on the oil penetrability of the paper, the order in decreasing 
rapidity of penetration was: Precipitated calcium carbonate, natural calcium 
carponate, zine sulfide pigments, titanium dioxide pigments, and clay. Ranked 
according to the degree to which they increase air permeability, the order of the 
fillers was the same as for oil penetration. 

The net resultant of all the factors that affect printing is shown by actual 
printings. In general, the offset printings were of better quality than the letter- 
press, and the text better than the illustrations. Ratings of the offset printings 
as to relative amount of ‘show through” are given. ‘The calcium carbonate- 
filled papers gave the best results, but it is believed that printing conditions 
could have been adjusted to suit each type of paper, and that more satisfactory 
results would then have been obtained with either process. 


CONTENTS 


lI. Testing methods- - - 
1. Laboratory - - - - 
2. Printing- - - 

lV. Test: results__.. 


I. INTRODUCTION 


A study made at the Bureau on the effect of filling and sizing 
materials on the stability of book papers was recently published? 
The study was concerned primarily with the characteristics directly 
lated to the stability of paper. Since book papers must fulfill 
printing requirements, however, the scope of the work has been ex- 
panded to include comparison of the papers from the standpoint of 
pnnting quality also. The additional data are here reported to sup- 
plement the results obtained in the earlier investigation. 


LT 
: Associate Chemist, United States Government Printing Office. 
J. Research NBS 21, 671 (1938) RP1149. 


128082—-39-——2 





286 Journal of Research of the National Bureau of Standards 


The manufacture of the experimental papers was described jn ¢}, 
previous publication. The fillers used were representative of seyern 
types, both natural materials and manufactured pigments, Tho, 
comprised one clay; two titanium pigments, titanium dioxide, ay 
composite of titanium dioxide and bfrium sulfate; two zine sylfq, 
pigments, zinc sulfide, and a composite of zine sulfide and barium «). 
fate; and two calcium carbonates, one precipitated and one a natu; 
product, water-ground. The fibrous materials employed were s))f\t 
pulp and soda pulp of the ordinary book-paper grade; three “purified: 
wood pulps produced by special cooking and bleaching treatment 
obtain high purity and strength; new rags, the grade known commer. 
cially as No. 1 white shirt cuttings; and two grades of old rags. Vy 
1 old whites and ‘‘twos and blues.” 

The test data on the properties which bave a considerable inflyene« 
on the printability of the paper are repeated here. 
data given consist of laboratory measurements of other characteristic: 
more directly related to the performance of paper in the printing 
processes and results of observations of actual printings. Thy 
laboratory measurements were made at the Bureau; the paper sample: 
were printed at the Government Printing Office. 


II. PAPER SAMPLES 


Forty-five of the seventy-two experimental papers made in the 
stability study were selected for the tests of printing quality. They 
were representative of all the fiber and filler combinations reported in 
the previous publication. 


III. TESTING METHODS 
1. LABORATORY 


The laboratory tests made for measuring the printing quality of th 
book papers were smoothness, oil penetrability, and air permeability 
Although no methods for determining these qualities have been 
adopted as standard by the Technical Association of the Pulp an 
Paper Industry, the methods used in this work are widely employed 
by Government and by commercial laboratories. 

Smoothness is one of the most important properties of paper from 
the printing standpoint. In letterpress work the printing pressures 
are high, and part of the ink between the paper and the hard printing 
block is therefore pressed out, into the recesses between the surface 
fibers if the paper is rough, or at the edges of the surface of contact il 
the paper is smooth. Consequently, if there is not uniform contact 
between the paper surface and the inked printing plate, loss of detail 
in the reproduction of either solid print or halftones results. 

The smoothness of the paper surfaces was measured with a Bekk 
smoothness tester, and is expressed as the number of seconds require. 
for 10 cm’ of air at 0.5 atmosphere pressure to pass between 10 cm 
of the paper surface and an optically flat surface which is held agains! 
it by a pressure of 10 kg. The tests were made at 21° C (70° F) an‘ 
65-percent relative humidity (standard paper-testing conditions), 
with the papers tested being in hygrometric equilibrium with the 
atmosphere of the test room. The values reported are the averses 
of the measurements on both the felt and the wire sides of the sheets 
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Softness of paper also is important in determining printing quality. 
if the thickness of the paper is somewhat variable, or the letterpress 
slates slightly irregular, the paper—and in the offset process, the 
~ipber blanket also—should by its compressibility equalize these 
srecularities. For a given type of paper, with the same smoothness 
the softer paper will give the better printing results, other things 
being equal. No measurements of softness were made on the test 
supers, however, as the value of the present instruments available 
jor the purpose is not yet well known. 

The efficiency of the sizing of nonprinting papers is judged by its 
ofectiveness In preventing the spread and penetration of watery 
iquids, such as writing ink. The effect with printing ink may not be 
‘hesame. The penetration of printing ink into paper is due primarily 
« the vehicle used with the pigment. The resistance of paper to 
“feathering’’ of writing ink is, therefore, not a measure of the resistance 
1») inks having an oil base. Printing ink consists essentially of a 
sispension of finely ground pigment in a suitable oil. Since the 
sizing values reported relate to water penetration, the data are not 
applicable for comparing the papers from the printing standpoint. 
To obtain pertinent data the resistance to penetration of printing ink 
vas evaluated with oil instead of water. 

The test was made by the “‘oil drop’ method. The time of pene- 
tration through the sheet was found by allowing a drop of USP 
quality castor oil to fall on one side of the paper and measuring the 
time, in seconds, required for the oil to penetrate the sheet. The 
end point of the penetration was taken when the spot on the under 
surface of the paper was uniformly translucent in appearance. The 
outlet of the delivery tube for the oil was of such size that 25 drops of 
distilled water xt 21° C equalled 1 ml. The values are the averages 
of the rates of penetration determined from each side of the paper. 

The ink used in printing processes dries or hardens by oxidation of 
the oil vehicle, and by absorption of the oil by the paper. In actual 
practice, the drying results from a combination of both. In general, 
the oxidation is a much slower process, and if the paper does not 
absorb the oil readily, the ink will dry too slowly and it will be prone 
to ‘set off” and become smudged on contact with adjacent sheets. 
On the other hand, if the oil penetrates too rapidly, too much vehicle 
will leave the image, and a chalky film will result. Also if the oil 
penetrates too rapidly, the sheet tends to become transparent and the 
printing may “‘show through” the opposite side of the paper, especially 
fa large amount of ink has been required to obtain a solid print. The 
oil penetration test differs from actual printing by using an excess of 
ol and allowing it to penetrate completely through the sheet, but the 
relative penetrability of the papers to printing ink should be of the 
same order. 

Air permeability is not known to be definitely correlated with 
printing quality, but inasmuch as it relates to the passage of air through 
paper, it may be of assistance in predicting the permeability of the 
paper also to liquids, such as oil, that do not materially swell cellulose. 
since the test measures the flow of air through the minute passages 
within the fibers themselves and the spaces between the fibers, it 
likewise holds possibilities for evaluating and controlling the structure 
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of the sheet. Keeping the sheet open and bulky is usually consider, 
desirable for optimum printing quality. ; : 

The instrument and testing method used for measuring the 4), 
permeability were developed at the Bureau and have been deseri}y; 
in detail in previous publications. The test consists in measuriy; 
the volume of standard air which passes in unit time through a yj: 
area of the material when forced by a unit pressure difference betyeo, 
the surfaces of the sheet. Standard air, for the purposes of this tes: 
is defined as air at 21° C, 65-percent relative humidity, and a press, 
of one atmosphere. 

2. PRINTING 


To afford comparison of the papers for the composite effect of «lj 
the factors which affect printability, the papers were submitted t, 
actual printing tests. Since the letterpress and offset processes gr 
the most commonly used with book paper for mass production, they 
were the only processes considered. The papers were compared wit); 
two commercial book papers, described as ‘‘machine-finish” gn) 
“offset’”’ and used for regular work at the Government Printing Office. 
in a run made by the procedure regularly employed. The printings 
were made on one side of the sheet by the letterpress process, iy 
which an inked relief surface is pressed onto the paper, and on thy 
other side by the offset process in which the impression instead o/ 
being made directly upon the paper is first received by a rubber 
blanket, from which it is transferred to the paper. The images 
printed by both processes consisted of text and halftones. 


IV. TEST RESULTS 


The smoothness measurements of the test papers are given in the 
table. The time required for the air to pass over the surface of the 
paper increases with increasing smoothness of sheet, therefore, a low 
reading indicates comparatively rough paper; a higher reading, 
smoother paper. For best printing results the papers should have 
been more highly calendered, as the machine finish obtained on the 
small calender stack at the Bureau is possibly not as smooth as com- 
mercial machine finish. 

Fillers, because of their greater smoothability and smaller particle 
size, respond more readily than fiber to the pressure of the calende 
rolls used in the papermaking process to press and smooth the paper, 
and their presence, therefore, increases the smoothness of the paper 
surface. Although only a limited number of papers were made and 
smoothness was not of primary importance in their manufacture, the 
results indicate a general trend. For the same pulp furnish the 
smoothness values of the papers were about the same for precipitated 
calcium carbonate and for clay, and less for natural calcium carbon- 
ates, titanium dioxide pigments, and zinc sulfide pigments. Although 
the manufacturers of the titanium dioxide and the zinc sulfide pig- 
ments state that only small proportions are generally used in paper, 
since the study for which the papers were made was concerned mainly 
with the effect of the pigments on stability, 5 and 15 percent were 
each used in the experimental runs. The amount of clay added was 


3 BS J. Research 12, 567 (1934) RP681; BS J. Research 12, 587 (1934) R P682. 
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{5 percent; of calcium carbonate, 15 or 30 percent. The test results 
should be regarded as applying only to the materials used, which were 
representative at the time the work was done. The relationship may 
be changed with further improvement in quality of the materials 
with further advance in manufacturing technique. 

For the same filler furnish, the old-rag papers were the highest in 
snoothness; the sulfite-soda, new rag, and purified wood pulps A and 
( (mixture) papers were intermediate; and the purified wood pulp D 
was lowest. Comparison of the tests with the printings indicates that 
the papers having the higher smoothness values gave the better 
letterpress printing results. The offset process is less exacting than 
the letterpress with respect to smoothness. 
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The papers containing fillers were penetrated by oil more rapidjy 
than the papers without fillers. Fillers increase the specific surfy¢, 
of the absorptive constituents of paper. The wetting properties ,; 
the fillers and the cellulose materials used, as well as the number ay) 
size of the minute channels within the sheet also doubtless influence 
the rate of oil penetration. The order of the wettability of eithe, 
fillers or fibers may differ in the cellulose-filler combination of paper 
however, from that of the individual materials. With respect to thei; 
influence on the oil penetrability of the paper, the test data show the 
order of the fillers, in decreasing rapidity of penetration, to be: Precipi- 
tated calcium carbonate, natural calcium carbonate, zine sulfide pig. 
ments, titanium dioxide pigments, and clay. The order of the pulps 
is: Old rags, sulfite-soda mixture, purified wood pulps A and C (mis. 
ture), new rags, and purified wood pulp D. There is no apparent cor- 
relation between degree of sizing and rate of oil penetration. 

In the test of the papers containing titanium dioxide pigment the 
oil seemed to take considerable time to penetrate the upper surface o/ 
the sheet and also to form a uniformly gray end point just before pene- 
trating the lower surface of the sheet. This skin effect may indicate x 
higher resistance of the pigment to wetting and permit obtaining 
comparable printing results with a lower content of filler than is pos- 
sible with other kinds of fillers. 

The sharpness of the end point for the oil-drop penetration, regard- 
less of the type of filler present, was most pronounced for the sulfite- 
soda papers, with the old rag, purified wood pulps A and C (mixture), 
new rag, and purified wood pulp D papers following in the order 
given. 

The air permeability was greater for the papers containing fillers 
than for those without fillers. By inclusion of fillers the tendency of 
the fibers to cement together is lessened. The number of internal air 
spaces, and consequently the air permeability of the paper, are there- 
fore increased. Ranked according to the degree to which they increase 
air permeability, the fillers are in the following descending order: 
Precipitated calcium carbonate, natural calcium carbonate, zinc 
sulfide pigment, titanium dioxide pigment, and clay, although only 
slight differences are shown for the last three. The corresponding 
order for the pulps is: Sulfite-soda, old rag, purified wood pulps A and 
C (mixture), new rag, and purified wood pulp D. The measurements 
for the individual sheets of the sample were in very good agreement. 

There appears to be a definite relationship between the air-permea- 
bility and the oil-penetration data, the more open sheet having the 
more rapid oil penetration, but too few measurements on the same 
type of paper were made to warrant a numerical correlation. 

The net resultant of all the factors that affect printing is shown by 
actual printings. In general, the offset printings were of better 
quality than the letterpress, and the text better than the illustrations. 
The ink and the mechanical phases of the printing process are ordl- 
narily adjusted for each specific paper to be printed, but the exper'- 
mental papers were all printed with the same ink and the same press 
adjustments—those used for the commercial papers with which the 
test sheets wererun. The basis weight and thickness were practically 
uniform for all the papers, but there was considerable variation In 
their fiber and filler composition, which would be expected to cause 
the papers to have different wetting or absorptive properties. Better 
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ratings are therefore given for the offset printings because smaller, 
and more nearly uniform, amounts of ink were used. It is believed 
that printing conditions could have been adjusted to suit each type 
of paper, and that more satisfactory results would then have been 
obtained with either process. 

The appearance of the text was satisfactory for all the offset print- 
ings. With some of the papers there was “show through” of the 
cuts, that is, print was visible on the opposite side of the sheet. The 
‘able gives ratings of the offset printings as to relative amount of 
“show through,” in increasing order. The ratings were determined 
by visual observation. Although each of the printings is assigned a 
specific position in the series, several could be grouped as of practically 
the same quality. 

The paper of machine run 1216 was rated as freest from ‘‘show 
through.’ This paper was made from a pulp furnish of old rags with 
a relatively high percentage of calcium carbonate. Next in rank 
were the papers of runs 1150 and 1153. These, and the remaining 
samples containing zine sulfide pigments were considerably darker in 
color? than the other papers, however, and their rating on “show 
through” might not have been the same if they had been lighter-col- 
ored. The rating of the samples containing titanium dioxide pig- 
ments was in agreement with the behavior noted in the oil-penetration 
test. Since the initial rate of penetration is slow, the ink must be 
carefully controlled to prevent ‘‘set off’ and smudging, but there 
should be little ‘show through.” 

For letterpress printing the calcium carbonate-filled papers gave 
the best results. As to ‘show through” the letterpress printings were 
in approximately the same order as the offset. Disagreements were 
in general attributed more to variations in the amount of ink on the 
images than to the paper. 

The papers made from the mixture of purified wood pulps A and C 
were about the same as the sulfite-soda and the old-rag, all being 
satisfactory. A tendency of the ink to “lift”? or “pick” was noted 
for the harder papers, but as the ink was adjusted to comparatively 
oft paper, it doubtless was not strong, or tacky, enough for these 
sheets. The papers made from purified wood pulp D were too hard 
for book paper, as noted in the previous publication,® because of too 
rapid hydration of the pulp during the beating. The new-rag papers 
were only fair, also doubtless because of the method of stock prepara- 
tion. Quicker beating would have produced softer paper, with greater 
air permeability and more rapid oil penetration, and as a result, 
improved printability. 

The color of the paper influenced the evaluation of clearness of 
print—letterpress or offset—to some extent, the whiter samples 
ranking higher than the natural colored. For some of the papers the 
difference in color was caused by differences in the pulps used, but for 
those having the same pulp furnish the difference was due to the fillers. 
No dye was used for tinting any of the papers. 


—K—K— 

‘ Asexplained in R P1149, the darker color of these papers was attributed to the copper lining of the beater 
‘nd the acidie condition of the pulp during the preparation of the stock. As a precautionary measure the 
supplier of the zine sulfide pigments recommends that plants having considerable copper equipment 
“avoid acid conditions so excessive as to attack this equipment and to form a dilute copper solution, as 
s ‘uch a condition can dull down the white pigment to an extent dependent upon the amount of copper in 

Siution and the time available for the reaction.” Since the program of study included the manufacture 
al H 4.2 of some papers with each filler, dulling of the papers pigmented with zine sulfide was expected. 

‘J. Research NBS 21, 671 (1938) RP1149. 
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Printing trials are the ultimate criteria for evaluating the printire 
quality of paper, but laboratory tests should enable the manufactire; 
to ascertain before shipment of his paper that it will have the requisit, 
printing properties. Opacity and smoothness are known to be relate; 
to printing quality and therefore have a place in paper specificatioys 
Less is known of the relation of oil penetration and air permeability 
but it is believed that they also are indicative of the behavior of pape 
in actual printing. As data on these tests are accumulated for dij. 
ferent types of filler and pulp furnishes and correlated with the quality 
of printing, it may be found that numerical specifications of thes 
additional properties can be included to aid in controlling printing 
quality within predetermined limits. 


The authors acknowledge their indebtedness to the following 
members of the Bureau: R. W. Carr, M. J. O’Leary, and V. Worthing. 
ton for assistance in the preparation and testing of the papers, and to 
M.N. V. Geib and C. G. Weber for rating the printings. 


WasHINGTON, January 4, 1939. 
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\ PRECISION RADIO INSTRUMENT FOR TRANSMITTING 
MEASUREMENTS OF ULTRAVIOLET INTENSITIES FROM 
UNMANNED BALLOONS TO A GROUND STATION 


By R. Stair 


ABSTRACT 


A new radio stratosphere ultraviolet meter which operates with a precision 
comparable to that of laboratory instruments is described. It consists of a 
photoelectric cell, a balanced amplifier, a relaxation oscillator, and a transmitter. 
The calibration of the instrument is automatically determined and broadcast to 
the receiving station each time an altitude signal is given. The instrument, with 
yecessories, including sufficient batteries to operate for about 4 hours, weighs 
' about 5 pounds. It operates on a frequency of approximately 50 megacycles and 
has sufficient power to insure good reception for distances from the receiving 
station up to 100 miles. 


The present instrument was developed subsequent to the making 
of six flights into the stratosphere with a three-tube unit during the 
summer of 1937 [1],! although a laboratory model was tested and 
briefly mentioned in the report covering that work. 


Because of the very high photoelectric cell and grid resistances 
involved, the tiree-tube instrument was difficult to either operate or 
calibrate; in that it was subject to instability as the result of the 
relaxation oscillator being worked beyond its stable range. Further- 
nore, changes in sensitivity and proportionality of response, as the 
battery voltages dropped, offered insurmountable difficulties in the 
use of that instrument. 

The present instrument, shown diagrammatically in figure 1, 
virtually combines the balanced direct-current amplifier [2] previously 
designed for precision work in the laboratory with a relaxation ons 
lator and short-wave transmitter [3] similar to that developed by 
Diamond and his collaborators. Sufficient power and sensitivity are 
ivailable in the new instrument for the relaxation oscillator to operate 
under normal conditions of circuit and voltage and hence in a condi- 
tion of stable equilibrium. 

Briefly described, the balanced direct-current amplifier, built in the 
‘orm of a Wheatstone bridge, becomes unbalanced when light falls 
upon the photoelectric cell. Here the effect produced in the plate 
‘ircuit, which is also the grid circuit of the relaxation oscillator tube 
!.16, may be made several hundred times that possible when using 
the photoelectric cell coupled directly to the relaxation oscillator, as 
inthe earlier instrument. Thus, in the new instrument, the resistance 
in the grid circuit of this tube is reduced from hundreds to a few 
megohms (to 2.6 megohms in the instrument as described). With a 
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Figures in brackets indicate the literature references at the end of this paper. 
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rid resistor of this magnitude, the relaxation oscillator operates 
sormally and thus repeats consistently from day to day. 

The capacitance, C,, and the resistance, R,, plus the additional 
~sistors between C; and grid 1 of the relaxation oscillator tube 1A6, 
jetermine the sensitivity and the base value (oscillation frequency 
vith no light on the photoelectric cell) of the relaxation oscillation. 
Values of 0.003 pf and 2.6 megobms, respectively, used in this instru- 
ment, give a base frequency of about 50 cycles and provide the correct 
jtivity for coupling with the balanced amplifier as used here, when 


y 
stiis 


‘he other constants of the /A6 tube circuit are as given in figure 1. 

The generated audio-frequency voltage is next amplified and finally 
nodulates a push-pull radio-frequency oscillator coupled to a half- 
vave doublet antenna. The grid and plate coils are closely coupled, 
being alternately wound with No. 16 enameled copper wire on a %-in. 
Pyrex tube. 

‘ach coil consists of six turns of wire, center tapped. The antenna 
oupling coil consists of one turn of wire near the center of the oscil- 
jator coils. The antenna is adjusted for maximum power output of 
the oscillator which operates at approximately 50 Mec (6 m). Tests 
have shown that the transmitter has sufficient power to insure static- 
free reception and hence a good record up to a distance of 100 mules 
from the recording station. 

Having the relaxation oscillator and transmitter properly operating, 
the direct-current amplifier is next adjusted. The two type 32 tubes 
must be closely similar in characteristics or they will not work 
satisfactorily in this circuit. 

The bias on tube 7-2, is adjusted to approximately —1.5 v (point, e, 
on the potentiometer, A). Next, the connection, d, is adjusted to 
cive the proper bias on tube, 7-1, so that but little change is observed 
in the relaxation oscillation frequency when the amplifier is turned 
on; a slight increase in frequency is to be preferred to that of a 
decrease. 

The value of the grid resistor, R:, is so chosen as to give the proper 
vusitivity required of the amplifier for use with the particular photo- 
dectrie cell, P, employed in the unit. A change in R, ordinarily calls 
iora change in the bias of 7-1, since the accompanying grid-current 
change is sufficient to unbalance the amplifier and hence modify the 
raxation oscillation frequency. 

In operation, as a small motor [1] rotates the disk, D, carrying vari- 
ous filters over the photoelectric cell, the amplifier becomes unbalanced 
il a degree proportional to the intensity of light reaching the cell. 
[his unbalance in the plate circuit of the amplifier gives rise to a new 
voltage difference in the grid circuit of the 1A6 relaxation oscillator 
tube. This voltage change causes in turn an increase in the control 
end current in the tube, thus increasing the charging rate of condenser, 
(;, and hence the frequency of oscillation. Tests using perforated 
screens Of known transmission in the path of light show a closely 
inear change in audio-frequency oscillation with light intensity. The 
‘everal instruments built and tested gave frequency changes which 
were linear to within about 1 percent throughout the range of 50 to 200 
¢s, for which they were designed. Figure 2 shows a record when three 
perforated screens having transmissions of 12.9, 48.1, and 91 percent 
were being used to test the performance of the instrument. As a 
further precaution, in practice, each optical filter is used with an 
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accompanying perforated screen having approximately the sap 
transmission so that any possible deviations from linearity in tither 
the radiometeorograph or the ground-station receiver and recorder are 
automatically compensated. This is very important since the calcule. 
tions on the spectral quality of the ultraviolet radiation and th. 
amount of ozone penetrated are based upon the absolute value of, ang 
changes in, the filter transmissions as the instrument reaches hil; 
altitudes. x 

The barograph, B, not only indicates the altitude as the arm makes 
contact with a selected segment, b, c, or f, but impresses a definite 
voltage, for example, that across ed, on the grid of tube, 7-1, which j 
turn causes an increase in audio-frequency oscillation indicative of the 
absolute sensitivity of the complete instrument. This is illustrated 
by the change in frequency of the base line from d to c¢ in figure 9 
When a contact is made with a segment connected to b the base 
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frequency is raised still higher. On the other hand, when a contact is 
made to f the base frequency is lowered, and may be made zero. In 
practice, the contacts 6 and f are used as reference points of altitude 
only, while the more numerous contacts, ¢, are used both for sensitivity 
calibration and altitude determination. | 

A projected modification of the barograph is the addition of a small 
auxiliary mercury U-tube unit to give an absolute indication of pressure, 
and hence, altitude for elevations above 60,000 ft (18 km). This 
modification will also give an automatic sensitivity test for each cycle 
of measurements, since the switch, S, is to be closed once during each 
rotation by a cam on the filter disk shaft. This unit is to be placed 1 
the potentiometer circuit, K, between c and d. (See upper part 0 
fig. 1.) That is, the resistor, ed, is to be broken, say into 1,000-ohm, 
steps, each being connected to an electrode in the small mercury 
U-tube, so that as the pressure decreases and the mercury rises 1 the 
open end of the tube, successive sections of the resistor are short-cll- 
cuited, resulting in decreased audio-frequency changes upon the closing 
of switch, S. These changes will be easily recognizable on the record. 
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As shown in figure 1, the direct-current amplifier, barograph, B, 
shotoelectric cell, P, and all connecting leads are completely shielded 
‘ith aluminum foil which is grounded to the negative of the filament 
pattery. ‘This is necessary in order to eliminate electrostatic effects 
«hich would otherwise be uncontrollable in the calibration and use 
of the instrument. 

The relaxation oscillator and transmitter require a separate set of 
glament and plate batteries since they operate at a potential which 
sopstantly varies relative to that of the amplifier. Furthermore, it 
i; necessary that the two units be carefully insulated or variable 
leakages will produce inconstancy in the base of the audio-frequency 
sonal. For this purpose the transmitter is mounted on Bakelite 
and the transmitter batteries are wrapped in thin rubber. 

The aim has been to make the various units of this instrument 
small and light in weight and yet retain materials of sufficiently good 
quality to insure precision operation. All tube bases are removed 
and the wires soldered directly to the protruding electrodes. The 
batteries have been chosen of minimum size suflicient to give about 
3 to 4 hours of dependable operation at the reduced temperatures 
encountered. For the filament current in the balanced amplifier, 
two standard flashlight cells in series are used to operate the two 
type 32 tubes in parallel. The four tubes in the relaxation oscillator 
transmitter unit are wired in series parallel, so that three standard 
fashlight cells in series give the same useful life as the two in the 
amplifier. Batteries of the Burgess types V30FL and W30FL are 
et gy the plate voltages in the amplifier and transmitter, 
respectively. 

For the potentiometer, K, two type Z Penlite cells in series are 
permanently shunted by approximately 120,000 ohms. After a few 
lays, they reach an equilibrium value which changes but little over 
a period of weeks. Upon the constancy of these cells and resistors 
depends the calibration of the radiometeorograph from the time it is 
tested in the laboratory until the flight is finished. 

For lightness and compactness most of the resistor units are of the 
standard 0.5-watt type. In the grid and plate circuits of the bal- 
anced amplifier, however, S. S. White or wire-wound units are used 
to give more reliable and stable operation of the amplifier. This 
precaution is very important since a small change in this part of the 
circuit, for example, a defective resistor in the plate circuit of one of 
the amplifier tubes, may, through fluctuation in magnitude, shift the 
audio-frequency base level (d, in fig. 2) off the scale in either the posi- 
tive or negative direction. A slight drift, usually downward, gen- 
erally occurs as the battery voltages decrease. This is not a serious 
matter, however, as long as the drift is not sufficient to reach the 
nonlinear portion of the scale toward the lower frequencies, because 
the absolute sensitivity of the complete instrument (amplifier and 
relaxation oscillator) is checked each time a barograph contact 
is made. 

_ The complete instrument (weighing about 5 lb.) compactly inclosed 
ina small balsa-wood box (6 by 6 by 9 in.) is wrapped in cotton and 
black cloth to prevent the batteries from chilling at the low tempera- 
lures prevailing in the stratosphere. The box is supported at the 
‘our corners by linen threads adjusted to keep the photoelectric cell 
horizontal, and attached to the upper half of the antenna which in 
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turn is used for supporting the instrument and incidentally je); 
taut. The lower half of the antenna is kept stretched by g oar 
weight attached to the lower end. Thus the radio frequency is e|) 
fairly constant and fading because of frequency shift is minimize( 7 

Details on the characteristics of the cadmium-alloy photoelectric 
cell, the optical filters used, and a discussion of the method of evalygt. 
ing the data for determining the intensity of the ultraviolet radiatio, 
and the distribution of ozone in the stratosphere have been outline; 
in the report on the 1937 flights [1]. Data obtained in the six flig}y: 
with this instrument during June 1938 are being assembled and yi!) 
be published in the Journal of Research of the National Bureay of 
Standards [4]. 

Although the instrument as described here was designed for use jy 
the study of ultraviolet intensities and ozone distribution in the 
stratosphere while being transported by small unmanned balloons, 
its usefulness may be extended to other fields. The method of 
coupling a receiver of low sensitivity (the photoelectric cell) with q 
relaxation oscillator offers a practical means for recording directly, 
or for transmitting to a remote station before recording, any data 
obtainable in the form of variation in radiation intensity. For , 
stationary instrument a more elaborate unit with greater flexibility 
of adjustment and control would be desired. In case the radio trans. 
mitter is omitted, the audio-frequency signal from the relaxation 
oscillator, after proper amplification, would be impressed directly 
upon the grid circuit of the frequency meter in the recording system. 


{1] R. Stair and W. W. Coblentz, J. Research NBS 20, 185 (1938) RP1075. 

[2] W. W. Coblentz and R. Stair, J. Research NBS 12, 231 (1934) RP647. 

[3] H. Diamond, W. S. Hinman, Jr., and F. W. Dunmore, J. Research NBS 20, 
369 (1938) RP1082. 

[4] W. W. Coblentz and R. Stair, J. Research NBS 22 (May 1939). 


WasHINGTON, December 20, 1938. 
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PREPARATION OF OXYGEN OF HIGH PURITY 
By Martin Shepherd, E. R. Weaver, and S. F. Pickering 


ABSTRACT 


Oxygen, which contained no significant amounts of lower- or higher-boiling 
impurities, Was prepared by a method whose essential feature was the elimination 
of nitrogen. This oxygen is one of several reference samples being used in connec- 
tion with the maintenance of the International Temperature Scale at the Nationa! 
Bureau of Standards. 
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I. ESSENTIAL FEATURE OF THE METHOD 


Oxygen of high purity has been prepared by various chemical 
and phy sical methods. A complete bibliography of the subject would 
exceed the length of this paper.!. Two important facts to be derived 
from a study of the literature are: (1) the methods of preparation 
did not exclude the possibility of traces of nitrogen as an impurity, 
and (2) the methods of purification may have introduced additional 
traces of nitrogen. Distillation, sometimes resorted to for the final 
purification, probably failed to remove the last traces of nitrogen. 

These facts become apparent when the methods of preparation and 
purification are considered. Some nitrogen may be expected in 
oxygen prepared from the electrolysis, thermal dissociation, or reaction 
of solid or liquid reagents containing dissolved or occluded nitrogen 

Subsequently, oxygen purified by passage through solid or liquid 
reagents will become contaminated with nitrogen dissolved or occluded 
in these reagents. The complete removal of nitrogen from such 
reagents, prior to the preparation and purification of oxygen, requires 
more exacting procedures than have been employed previously. 


tatters 

ib P or represe ntative work of the most exacting nature, the following references are given: Morley, Smith - 

nian Contributions to Know ledge (1895); Germann, J. Phys. Chem. 19, 437 (1915); Moles and Gonzales, 
m. pays. 19, 310 (1921); and Baxter and Starkweather, Proc. Nat. Acad. Sci. U.S. 10, 481 (1924). 
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Finally, in oxygen separated from air, nitrogen (and argon) are th 
predominant impurities to be expected. Distillation in the laboratory 
ean scarcely be expected to remove these impurities completely: 
Similarly, distillation cannot be trusted to remove the last traces’, 
nitrogen from oxygen prepared chemically. 
The essential feature of the method herein described is the eritic,) 
removal of nitrogen from both reagents and apparatus prior to {h¢ 
actual generation and purification of the oxygen. With this primary 
consideration in mind, the electrolysis of an aqueous solution ¢/ 
barium hydroxide was selected as the most suitable means of produc. 
ing oxygen. There are good reasons for this choice. Dissolved gases 
may be completely removed from the electrolyte before the oxygen js 
prepared. Thereafter, no impurities are introduced which cannot be 
removed by combustion over heated platinum and subsequent con. 
densation to negligible vapor pressures. Occluded gases can be re. 
moved from the platinum catalyst before the combustion. Necesspry 
reagents are reduced to a minimum, and no extensive purification 
“train” is involved. Solid reagents, which are most apt to introduce 
nitrogen, are avoided with the single exception of platinum. 


II. APPARATUS 


The photograph of the apparatus is lettered in alphabetical sequence 
for the reader’s convenience. The various parts are: 


A, vacuum-type needle valve with fine-pitch adjustment for controlling the 
pressure in the electrolytic generator. 

B, barometric mercury seal serving as @ manometer and pressure relief. 

C, condenser. 

D, electrolytic cell. The platinum electrodes are sealed through glass tubes 
entering at the top. These tubes are filled with mercury to provide contact with 
the source of power. Glass-wool filters at the exits prevent the entrainment of 
spray. 

E, condenser. 

F, barometric mercury seal. 

G, combustion tube. This is made of Pyrex glass, and is a water-jacketed tu! 
of 5-mm bore which contains a platinum spiral 300 mm in length. It is provided 
with a small condenser at the outlet. Such tubes have been described by Weaver 
and Ledig.* 

H, condenser with glass-wool filter. 

I, McLeod gage for measuring vacuum. 

J, condenser and distillation tube with glass-wool filter. 

K, graduated capillary for measuring small amounts of liquid oxygen. 

L, saturation pressure thermometer to be filled with oxygen. 

M, condenser. 

N, differential manometer used in measuring the purity of the oxygen. 

O, barometric mercury seal. 

P, two-stage mercury-vapor pump (backed by a Hyvac pump, not shown). | 

X, a bypass, not shown in the photograph, is sealed to the two horizontal exit 
tubes of the generator, D. This bypass consists of an inverted U connection 
with a stopcock. 

The stopcocks of the apparatus are conveniently numbered. They 
are one-way, oblique-bored cocks of the hollow-blown type, with 
especial grinding suitable for vacuum work. 

The apparatus is fused together as a single unit. (The four rubber 
tubes shown in the photograph carry cooling water to and from the 
jackets of the combustion tube and pump.) The portion to the leit 

2 Exhaustive fractional rectification of large amounts of oxygen might possibly accomplish this desiders 


tum, but the literature affords no evidence of efforts which were sufficiently heroic. 
3k. R. Weaver and P. G. Ledig, J. Ind. Eng. Chem. 12, 368 (1920). 
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Preparation of Orygen of High Purity 


.fthe combustion tube is blown from a soda-lime glass, and the rest is 
mode of Pyrex glass. A graded glass seal serves to join the two 
sections. 


III. PROCEDURE 
| REMOVAL OF DISSOLVED GASES FROM THE ELECTROLYTE 


Barium hydroxide of reagent quality was dissolved in distilled 
yater, and the filtered solution was transferred to the electrolytic cell 
‘,rough the top inlet, which was then fused shut. The solution was 
frozen within the cell, the entire apparatus was evacuated, and the 
eondensers, C and £, were immersed in liquid air. Ice from the cell 
yas slowly sublimed into these condensers while the pump, P, was 
continuously withdrawing the liberated gases. Nearly all of the 
water was removed in this manner. The procedure was reversed to 
turn the ice from C and £E to the cell. This process of vacuum 
sblimation is known to be effective for removing gases from liquids.* 

Following the vacuum sublimation of the electrolyte, oxygen and 
hydrogen were generated slowly over a period of about 100 hours. 
During this time, the bypass, X, was opened and stopcock 1 closed. 
The gases were withdrawn by a vacuum pump connected to the valve, 
4. A pressure slightly higher than the vapor pressure of the solution 
itself was maintained. Under this condition, the gases were evolved 
in such minute bubbles that the solution appeared milky. The by- 
pass, X, was closed occasionally, and the solution in the cell was 
allowed to flow partially from one arm of the U to the other, thus 
mixing the portion which lay below the electrodes. This whole pro- 
cedure seems well suited to remove all dissolved gases except oxygen 
and hydrogen. 

Thus two independent methods were used to critically remove 
dissolved gases from the solution of barium hydroxide. 


re 


2. REMOVAL OF ADSORBED AND OCCLUDED GASES FROM THE 
PLATINUM CATALYST 


While the second of the two operations just described was being 
conducted, the platinum wire within the combustion tube was heated 


)? 


electrically to “‘whiteness,’’ a temperature considerably in excess of 
that used subsequently for the combustion of hydrogen. The pump 
was connected to the combustion tube and to the entire right-hand 
section of the apparatus. When the pressure measured by the 
McLeod gage was reduced to 0.0001 mm Hg, the pump was discon- 
uected by closing stopcock 9. The pressure was observed to increase, 
wuich indicated that the hot platinum and glass reluctantly gave up 
the adsorbed and occluded gases. Evacuation was then resumed. 
When finally the pressure remained lower than 0.0001 mm for a period 
of 6 hours with the pump disconnected, the platinum was considered 
suitable for use as a catalyst. (The generation of the oxygen later 
collected required 6 hours.) This desired condition was achieved 
after about 120 hours of evacuation. 

_ By the same criterion, the apparatus itself was judged to be suffi- 
cently freed from adsorbed gases. 


‘One account of the process is given by J. H. Hibben, BS J. Research 3, 97 (1929) RP87. 
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3. PURIFICATION AND COLLECTION OF THE OXYGEN 


The by-pass, X, was now closed, and the valve, A, was adjusted 
that the solution remained level in the two arms of the electrolytic 
cell. Since twice as much hydrogen as oxygen is generated and {\; 
cell itself is a sensitive manometer, the manipulation of the valve 
required considerable skill. The pressure in the cell was increase, 
until hydrogen and oxygen bubbled through the seals, B and fF 
Cocks 2 to 10, inclusive, were closed. The condenser, H, was jy. 
mersed in a bath of liquid oxygen. The temperature of the platinyy 
wire was lowered from “white” to a “cherry red.” Stopeock 1 was 
then opened very slowly, and the pressure was slowly increased in ( 
and H to approximately 740 mm. At this pressure and at the tem. 
perature of the bath of oxygen, the oxygen within the condenser did 
not liquefy. On the other hand, any higher-boiling impurities whic) 
might conceivably be present after the combustion were condensed ty 
negligible vapor pressures. Any small frozen particles were retained 
on the glass-wool filter and thus could not escape to reappear upon 
vaporization in the effluent gas. 

Following these operations, cocks 3, 4, and 9 were opened rer 
slowly and in succession, and pressure was allowed to build up in eaci 
part of the apparatus so opened. Oxygen was then discarded through 
cock 10 until the apparatus was thoroughly purged. This precaution 
was observed because of unavoidable though very slight surges oj 
pressure which occurred through the combustion tube during the 
period of adjustment of pressure throughout the apparatus. 

The condenser, J, was now immersed in freshly liquefied air, and 
about 20 ml of oxygen was condensed therein as fast as it was gen- 
= in D and purified in G and H. Thereafter, stopcock 3 was 
closed. 


SO 


IV. PURITY OF THE OXYGEN 


The purity of the oxygen was measured by a sensitive method based 
op the observation of differential saturation pressures. The oxygen 
collected in the tube, J, was separated into three fractions by 1so- 
thermal fractional distillation at—200° C. These fractions were: 
A very small amount of initial distillate; a middle fraction which was 
condensed in A/; and a very small final residue. The saturatior 
pressures of these fractions were compared by means of the differ- 
ential manometer, V. During these measurements, the bulbs of the 
manometer which held the condensates were surrounded with a block 
of frozen mercury. After each comparative measurement, the posi- 
tions of the condensates were interchanged to eliminate errors 0 
capillarity. 

The following observations were made: 

1. No difference in pressure was observed when comparing the 
final residue with the middle fraction. 

2. The saturation pressure of the initial distillate was 0.06 mm 
higher than that of the middle fraction. 

3. The saturation pressure of the initial distillate was 0.06 mm 
higher than that of the final residue. Each of these observations 
represents the average of 10 determinations. These data indicate 
the absence of impurities of higher boiling points, and the presence ©! 
traces of impurities of lower boiling points. 


5 For complete details see, Martin Shepherd, BS J. Research 12, 185 (1934) RP643. 





suepherd, Weaver! Prenaration of Oxygen of High Purity 305 


Picwering 


The amount of any suspected impurity may be estimated from the 
equation ° 
= 
Apo OS 
P°a—P°a 
where 
X,=mole fraction of impurity present. 
Ap=differential saturation pressure observed with the 
manometer. 
p°gand p°4=the saturation pressure of the impurity and the 
oxygen, each in the pure state. 


lf the impurity had been nitrogen, the data would account for the 
presence of 0.00003 mole fraction. The amount of nitrogen actually 
present would be slightly higher than indicated by this computed 
value. There is no reported temperature- composition diagram of the 
system nitrogen-oxygen under the conditions existing during the 
isothermal distillation employed in this test of purity; therefore, an 
exact calculation of the amount of nitrogen cannot be "made. How- 
ever, the isothermal distillation may be expected to isolate more of 
the nitrogen in the initial distillate than is possible by means of an 
isobaric distillation at 760 mm. Furthermore, the data of Baly show 
nly 2.2 mole percent of oxygen in the vapor phase at 78.0° K and 
70 mm. This at once indicates the high concentration of nitrogen 
hich may be expected in the initial distillate, and it can be expected 
that the comparison of the saturation pressure of this distillate with 
that of the middle cut or final residue will produce almost the full 
effect which a nitrogen impurity would cause. This may also argue 
the efficacy of distillation as a means of final purification; but unfor- 
(unately such is not the usual case, for the elimination of the last 
traces of nitrogen by this means requires repeated fractionation and 
the wasting of large amounts of oxygen. Those who have previously 
employed this means of purification have reported no data which 
would definitely establish, or even give comforting assurance of, the 
purity of the product obtained. 

If the impurity had been hydrogen, the amount detectable would be 
very much less than the estimated amount of nitrogen. 


V. SIGNIFICANCE OF THE IMPURITIES 


This oxygen was prepared for a reference sample in connection with 
the maintenance of the International Temperature Scale at the Na- 
tional Bureau of Standards. The significance of the impurities de- 
tected, with particular respect to the measurement of saturation 
pressures, 1s accordingly important. 

Since nitrogen and hydrogen are the only lower-boiling impurities 
0 be expected, the effect of each should be calculated. The most un- 
avorable case to assume is that the impurities occuring in the initial 
distillate would also be present in the oxygen used to fill the satura- 
tion pressure thermometers. Actually, this was not the case, since 
the initial and final fractions were discarded ; but if this assumption 
is made, the maximum possible error in the saturation pressures of 
oxygen would be 0.06 mm Hg, the A, observed with the differential 


Se 
‘See eq 6 on page 191 of BS J. Research 12, (1934) RP643. 
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manometer. Such an error would actually never occur, since tie 
measurements of saturation pressure in the thermometer do not mag. 
nify the effect of the impurity in the same manner as in the test {o; 
purity. Furthermore, had the impurity been hydrogen, almost 4) 
of it would have been discarded with the initial distillate and throucl, 
the pump just prior to filling the saturation pressure thermometer: 
(see following section of this paper). On the other hand, if the jn. 
purity had been nitrogen, it would not have been entirely discarded 
with the isolation of the initial distillate and a subsequent distillatio, 
of the condensate from the tube, M. The effect of the nitrogen shoy\; 
therefore be estimated. This may be done by assuming 0.00003 mole 
fraction of nitrogen in oxygen, and computing the saturation pressure 
of the mixture by means of Raoult’s law. When this is done, it wil 
be seen that this small amount of nitrogen will alter the saturatioy 
pressure of pure oxygen by 0.01 mm. Since this represents a repro- 
ducibility not ordinarily attained in the measurement of the saturation 
pressures of oxygen in the region of its normal boiling point, the 
oxygen prepared may be considered satisfactory for the purpose 
intended. 


VI. FINAL TREATMENT AND TRANSFER OF OXYGEN To 
THE SATURATION PRESSURE THERMOMETER 


The initial distillate and the final residue obtained during the test 
for purity were discarded through the pump. The oxygen contained 
in the tube, M, was then distilled, a few milliliters being discarded 
through the pump. This distillation would effectively remove traces 
of hydrogen and some nitrogen. The test for purity did not indicate 
the necessity of this additional procedure, but 1t was performed as a: 
additional precaution. Approximately 18 ml of liquid oxygen then 
remained, and was isolated in the tube, M. 

The graduated tube, K, and the saturation pressure manometer 
L, were evacuated with the same care used in outgassing the apparatus 
prior to the preparation of the oxygen. The connections to L were 
heated during this evacuation, and drastically flamed at the con- 
striction where the thermometer was to be sealed off. 

The technique used in filling the thermometer was designed to 
eliminate gases driven from the glass at the time the thermometer was 
sealed off. Oxygen was transferred from M to K by immersing the 
former in a bath of liquid oxygen and the latter in a bath of liquid air. 

The amount collected in AK was 0.2 ml (of liquid) in excess of the 
amount necessary to fill the thermometer to a pressure of 5 atmos- 
pheres (of gas) at room temperature. This oxygen was then cot- 
densed in the thermometer. The condensing bulb of the thermometer 
was now immersed in liquid oxygen, and the tube K, in liquid air. 
The flow of oxygen was consequently from the thermometer to the 
tube, K. While the excess of 0.2 ml of liquid oxygen was being 
condensed back into K, with vapor flowing from the thermometer, the 
constriction joining the two was fused shut. Thus, gases driven from 
the fused glass were carried away from the thermometer. 


Wasuincron, August 25, 1938. 
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REPRODUCIBILITY OF SILVER-SILVER HALIDE 
ELECTRODES ! 


By John Keenan Taylor and Edgar Reynolds Smith 


ABSTRACT 


‘Te sts of the reproducibility in potential of the electrolytic, thermal-electrolytic, 
| thermal types of silver-silver chloride, silver-silver bromide, and silver-silver 
iodide electrodes, in both acid and neutral solutions, are reported. All of these 
siver-silver halide electrodes show an aging effect, such that freshly prepared 
lectrodes behave as cathodes towards electrodes previously aged in the solution. 
They are not affected in potential by exposure to light, but the presence of oxygen 
sturbs the potentials of the silver-silver chloride and silver-silver bromide elec- 
trodes in acid solutions, and of the silver-silver iodide electrodes in both acid and 
neutral solutions. Except in the case of the silver-silver iodide electrodes, of which 
the thermal-electrolytie type seems more reliable than the electrolytic or the 
thermal type, the equilibrium potential is independent of the type, within about 
0.02 mv. 


CONTENTS 
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III. Silver-silver chloride electrodes__- 
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I. INTRODUCTION 


In a previous investigation on the reproducibility of the silver-silver 
chloride electrode in neutral solution ef potassium chloride,’ a signifi- 
cant aging effect, first noted by MacInnes and Parker,’ was measured 
and discussed. The origin of this aging effect was traced to concentra- 
tion-polarization. It was found that freshly prepared electrodes 
ana behave as cathodes towards aged electrodes. The initial 
lifference in potential sometimes exceeds a millivolt, but when 
sufficient time is allowed, the electrolytic, thermal-electrolytic, and 
thermal types of the silver-silver chloride electrode finally attain the 
same potential, within about 0.02 mv, irrespective of the presence or 
absence of light and of air dissolved in the salation. 


In this investigation the work on the reproducibility of silver-silver 
ck 


chloride electrodes was extended to in ude measurements of the 
e 


elect of aging and of the effect of oxygen, in acid solutions. In addi- 
A part of the material included in this paper was submitted as a thesis by J. K. Taylor in partial fulfill- 
ment of the requirements for the degree of Master of Science at the University of Maryland. The interest 
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ind advice of Prof. M. M. Haring are gratefully acknowledged. 
1. R. Sm ith and J. K. Taylor, J. Research NBS 20, 837 (1938) RP1108. 
'D. A. MacInnes and K. Parker, J. Am. Chem. Soc. 37, 1445 (1915). 
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tion, silver — bromide and silver-silver iodide electrodes yor, 
studied with respect to aging, the effect of oxygen, and the inflyepy, 
of light, in both neutral and acid solutions. 


II. APPARATUS AND MATERIALS 


The measurements were made with the same apparatus, includiy: 
the potentiometer, standard cell, galvanometer, thermostat, ay, 
vessels for the electrodes used in the ; previous work with silver-sil 
chloride electrodes.* 

Potassium bromide and potassium iodide of reagent grade wo 
recrystallized before use. Silver bromate was prepared by mist y 
solutions of silver nitrate and potassium bromate. The precipits 
silver bromate was washed repeatedly and finally recrystallized froy 
water. Silver iodate was prepared similarly from silver nitrate an 
potassium iodate, and was washed repeatedly before use. Hydr 
chloric and hydrobromic acids were prepared by diluting acids 
reagent quality and adjusting the concentration to 0.05 N. 

Nitrogen, for the removal of oxygen from the solutions, was free; 
from oxygen by passage through hot copper in a tubular electri 
furnace. It was then passed through solutions of sodium hydroxid 
dilute sulfuric acid, and finally through a solution of the same con- 
position as that in the cell. 


“i 


III. SILVER-SILVER CHLORIDE ELECTRODES 


It has been demonstrated previously ° that the aging effect results 
from concentration-polarization. This effect should, therefore, occu 
in acid solutions as well as in neutral solutions, and it is important to 
know how much time should be allowed after the preparation of silver. 
silver chloride electrodes to insure the attainment of their equilibriun 
potential. 

The aging effect was found to occur in oxygen-free acid solutions and 
was measured by the following procedure. Eight silver electrodes of 
the thermal type and a large silver-silver chloride electrode wer 
placed in a cell of the design shown in figure 1, containing 0.05 N 
hydrochloric acid solution. Nitrogen was bubbled continuous) 
through the cell (except during the measurements) to remove oxygel, 
and two of the silver electrodes were chloridized, using the large silver- 
silver chloride electrode as a cathode. In this way, the silver-silver 
chloride electrodes were formed without contact with oxygen and 
without change in the composition of the solution. After waiting 
several days to allow the freshly formed electrodes to age, a second pat! 
of the silver electrodes was chloridized and then compared i in potenti i! 
with the first two. On succeeding days the remaining two pails 0! 
electrodes were chloridized and compared with the two aged electrodes 
In figure 2 the points on the curve represent the average v: yore af 
potential difference for each pair, with reference to the aged pair 
the given time. The new electrodes were initially positive to aged 
electrodes, rapidly approached the latter in potential during the first 
several hours, and finally, after a period of from 1 to 2 days, attained 

an equilibrium potential in agreement with thet of the older electrodes 


4E. R. Smith and J. K. Taylor, J. Research NBS 20, 837 (1938) RP1108. 
5 See footnote 4. 
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s behavior is practically identical with that found for these elec- 
ore in neutral solution. 
In the previous paper, oxygen was shown to have no significant 
fect on the potential of the silver-silver chloride electrode in neutral 
lutions, but it has long been known that in acid solutions the 
notential is disturbed by the presence of oxygen. Giintelberg ® 
wttributed this disturbance to the reaction 


e] 


2Ag+2HCl+% O,—2AgCl+H,0. (1) 


{this reaction causes the disturbance, then in the presence of oxygen 
here should be a slight decrease in the concentration of hydroc -hloric 
acid within the interstices of 
the coating of silver chloride 
which envelops the silver, and 
such a decrease should cause an 
oxygen-saturated electrode to 
act as a cathode towards an 
oxygen-free electrode. The dis- 
turbing effect of oxygen in ac ™ 
solution was confirmed, and ¢ 
direct measurement of its ine 
and magnitude was accom- 
plished in the following way: 

Two cells, of the type shown 
in figure 1, each containing 
seven thermal silver-silver chlo- 
ride electrodes immersed in 
0.05 N hydrochloric acid solu- 
== tion, were connected by an 
inverted Y-tube of 5-mm bore, 
through which the cells could 
be connected at will by drawing 
ip solution from them to form a liquid junction. After passing 
uitrogen through each cell to remove oxygen, the largest difference in 
potential between any two electrodes in each set was 0.02 mv and, 
coming the junction between the cells, the average potential differ- 

ce between the electrodes in cell 1 and those in cell 2 was 0.05 mv. 
Those in cell 1 were cathodic by this amount with respect to those in 
ll 2. The junction between the cells was then disconnected and 
oxygen was bubbled through cell 1 while nitrogen was again passed 
through cell 2 After saturation with oxygen, the electrodes in cell 1 
varied erratic ally in potential with respect to each other by as much 
is 0.19 my, and on reforming the junction the average difference in 
potential between cell 1 and cell 2 increased to 0.21 mv. Cell 1, 
siturated with oxygen, acted as a cathode toward cell 2. The oxygen 
was then swept out of cell 1, and its electrodes returned to their 
nginal agreement among themselves and with those of cell 2 

Nee magnitude of the effective change in concentration resulting 

nthe reaction g given by eq 1 can be estimated from a consideration 

I ‘the ce 


























crE 1.—Cell for comparison of electrodes. 


Ag|AgCl, HC1(C)|HCI(C—6), AgCijAg, 


(untelberg, Z. physik. Chem. 128, 199 (1926). 
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in which 6 is the effective decrease in concentration of hydrochlorip 
acid within the porous electrode in the oxygen-saturated solutio, 
Since 6 is small, the concentrations C and C—6 are nearly the same 
Consequently, the variations in ionic mobilities between these ¢qp. 
centrations may be assumed to be negligible, and the activity ratiy 
may be taken as equal to the concentration ratio. The expressioy 
for the emf of the cell then becomes 


B=2N,(“ yn a 


in which JN, is the cation transference number, and the other symbols 
have their usual meanings. Since In C/C—é)>0, E>0, and the 
oxygen-saturated electrode is the cathode. Substituting the measured 
value of # (0.00021 v) and the appropriate values of the other quan. 
tities ’ in eq 2, it is found that 6~C/200. This means that the reactioy 
with oxygen caused a change in the effective concentration of acid 
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FicurE 2.—Aging effect with the thermal-electrolytic type of silver-silver chloride 
electrodes in 0.05 N air-free solution of hydrochloric acid. 


within the pores of the electrode of about 0.5 percent. ‘The total 
amount of solution within the pores is, however, relatively so small 
that, after removal of the oxygen and reattainment of equilibrium 
with the bulk of the solution, the net change in concentration i 
insignificant, and the electrodes readily return to their initial potential. 
The figure of 0.5 percent is, of course, only an order of magnitude, 
since in any given case the value will depend on the time of contact, 
concentration of oxygen, and the porosity of the electrodes. 


IV. SILVER-SILVER BROMIDE ELECTRODES 


Silver-silver bromide electrodes of the electrolytic type were 
prepared by electroplating silver on rectangular pieces of platinum 
gauze, 0.5 by 1 cm, washing them for 10 days in frequently changed 
distilled water, to eliminate contamination by the plating solution, 
and bromidizing them electrolytically in 1 N hydrobromic acid solu- 
tion with a current of 4 ma per electrode for 1 hour. These electrodes 
were first soaked for 1 hour in 0.05 N potassium bromide solution and 

? The cation transference number in 0.05 N HC] at 25° C is 0.829, according to L. @. Longsworth, J. Am 


Chem. Soc. 64, 2741 (1932). 
8 W. R. Carmody, J. Am. Chem. Soc. 51, 2901 (1929). 
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then placed in a cell containing 0.05 N potassium bromide solution. 
\fter 1 week, to allow for aging, during which time nitrogen was 
passed through the cell, their differences in potential were recorded. 
' Thermal-electrolytic electrodes were made by heating a paste of 
jlver oxide and water, supported on spirals of platinum wire, and 
electrolytically coating the resulting porous beads of silver with 
promide from a large silver-silver bromide electrode. The latter 
operation was performed after placing the electrodes in a second cell 
eoutaining 0.05 N potassium bromide, through which nitrogen was 
passed. After allowing 1 week for aging, their differences in potential 
were measured. 

Thermal electrodes were prepared by heating to decomposition in 
ai electric furnace a paste of silver oxide and silver bromate in water, 
sipported on spirals of platinum wire.’ These were placed together 
inathird cell containing 0.05 N potassium bromide solution, from which 
oxygen was excluded by nitrogen, and after 1 week their differences 
in potential were recorded. 

The results of the reproducibility tests on these three types of 
ilver-silver bromide electrodes, exposed to light in neutral (0.05 N) 
air-free potassium bromide solution, are shown in table 1. From this 
table it is seen that under these conditions the individual electrodes 
of any one type agree among themselves within a few hundredths of 
a millivolt. 


TasLE 1.—Reproducibility of different types of silver-silver bromide electrodes 
exposed to light in neutral air-free 0.05 N potassium bromide solution 





_ ——— — 


Thermal- 


electrolytic Thermal 


Electrolytic 


Nlectrode number type 








Average deviation 

















To determine the agreement of the different types, six electrolytic 
and six thermal silver-silver bromide electrodes were compared with 
agroup of five thermal-electrolytic electrodes. The results are given 
in table 2 and show that the different types attain the same final value 
of potential within a few hundredths of a millivolt. 


*A. 8. Keston, J. Am. Chem. Soc. 87, 1671 (1935). 
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TABLE 2.—Comparison of different types of silver-silver bromide electrodes in neyir9) 
air-free 0.05 N potassium bromide solution 


Potential | 
difference | 


Electrode 


| Yescription ! 
| number Description 
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1 E, TE, and T symbolize electrolytic, thermal-electrolytic, and thermal types, respectively 


The time required for silver-silver bromide electrodes to come to 
equilibrium was determined by measuring the aging effect according 
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FIGURE. 3.—Aging effect with the thermal-electrolytic type of silver-silver bromide 
electrodes in 0.05 N air-free solution of potassium bromide. 


to the procedure used with the silver-silver chloride electrodes. Tlie 
results obtained with the thermal-electrolytic type, in air-free 0.05 .\ 
potassium bromide solution, are shown in figure 3. The several kinds 
of crosses represent the measurements with electrodes prepared and 
measured with light excluded. The several kinds of circles represent 
the results with electrodes exposed to light. It is apparent that light 
has no effect on the aging of these electrodes. Also, that light has 
no effect on their equilibrium potential was shown by interchanging 
some of the electrodes between the blackened and the transparent 
cell. This interchange was made in a dark room and, on comparing 
the potentials of the light-protected and light-exposed electrodes, n0 
significant differences were found. 
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The aging of the thermal type of silver-silver bromide electrodes in 
- neutral air-free solution of potassium bromide is shown in figure 4. 
These data were obtained by placing electrodes, freshly prepared on 

succeeding days, in a ceil containing aged electrodes, and, at definite 

intervals of time, comparing the potentials of the newer electrodes 
with those of the aged ones. 

The effect of oxygen on the potential of silver-silver bromide 
electrodes Was measured by the procedure used for the silver-silver 
jloride electrodes. In neutral solution (0.05 N KBr) no effect was 
observed, but in acid solution (0.05 N HBr) a marked effect was 
wee In the latter case, with seven thermal-electrolytic electrodes 
in each of the two cells connected by the inverted Y-tube, an average 

iference of 0.01 mv was obtained between the electrodes in cell 1 
and those in cell 2, when oxygen was excluded from both. When 
oxygen Was passed into cell 1, the individual electrodes varied errati- 
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figuRE 4.— Aging effect with the thermal type of silver-silver bromide electrodes in 
0.05 N atr-free solution of potasstum bromide. 























lly in potential with respect to each other by as much as 0.23 mv 
ud the average difference in potential between electrodes in cell 1 and 
cell 2 became 0.30 mv. The oxygen-saturated set acted as a cathode 
toward the oxygen-free set of electrodes. After removal of the oxy- 
ven, the electrodes returned to their initial agreement. The influence 
of oxygen is thus in the direction to be expected from the reaction. 


2Ag+2HBr+1/2 O,=2AgBr+H,0, (3) 


which causes an effective decrease in the concentration of the acid 
within the pores of the electrode. 


V. SILVER-SILVER IODIDE ELECTRODES 


A number of sets of the electrolytic, thermal-electrolytic !° and 
thermal" types of silver-silver iodide electrode were prepared by 
ethods analogous to those used for the chloride and bromide elec- 
trodes. They were tested for reproducibility and agreement of the 
different types. The thermal-electrolytic type showed a reproduci- 
———— 


’G. Jones and M. L. Hartman, J. Am. Chem. Soc. 37, 756 (1915). 
B. B. Owen, J. Am. Chem. Soc. 57, 1526 (1935). 
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bility of about 0.02 mv, comparable to that of the other halide ole. 
trodes, but the thermal! and the electrolytic types were not as satis. 
factory. Occasionally, self-consistent groups of the latter two typos 
were obtained, but more often the reproducibility was no better jljj» 
0.1 to 0.2 mv, particularly between electrodes prepared at differen; 
times. When the three types were intercompared, the thermal ay 
the electrolytic type were always positive (i. e., cathodic) toward tip 
thermal-electrolytic type by 0.1 to 0.2 mv. Since the cause of thjs 
behavior was not discovered, the experiments on the effects of lig); 
oxygen, and aging on the potential of the silver-silver iodide electro. 
were confined to the thermal-electrolytic type. 

The aging effect of the silver-silver iodide electrodes in neutry| 
solution of 0.05 N potassium iodide in the presence and absence of 
light was measured according to the procedure used for the thermal. 
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Figure 5.—Aging effect with the thermal-electrolytic type of silv r-silver iodide 
electrodes in 0.05 N air-free solution of potassium iodide. 


electrolytic type of silver-silver chloride and silver-silver bromid: 
electrodes. The results are shown in figure 5, in which the circles and 
crosses of various types represent, respectively, electrodes protected 
from and exposed to light. By interchanging electrodes between the 
blackened and the transparent cell, the interchange being made int 
dark room, it was found that all the electrodes had the same potential 
within about 0.02 mv. 

The effect of oxygen on the potentials of the silver-silver iodide 
electrodes was tested in neutral solution of 0.05 N potassium iodide, 
using two cells connected by an inverted Y-tube, as in the tests with 
the other electrodes. With oxygen excluded from both cells, the 
average difference in potential between the electrodes in cell 1 and i 
cell 2 was 0.02 mv. As soon as oxygen was admitted to cell 2, its 
electrodes behaved erratically and became, on the average, 1.5 mv 
positive with respect to the electrodes in the oxygen-free cell. This 
effect is so marked in neutral solutions that it was considered unneces 
sary to make the same test in solutions of hydriodic acid, since the I 
stability of the latter substance in the presence of oxygen is well known. 


Wasuineton, December 20, 1938. 
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}eDIMETHYLHEPTANE: ITS SYNTHESIS, PROPERTIES, 
AND COMPARISON WITH AN ISONONANE FROM PETRO- 
LEUM ' 


By Joseph D. White,? Frank W. Rose, Jr.,? George Calingaert,* and 
Harold Soroos * 





ABSTRACT 


n isononane boiling at 135.2° C was tentatively identified as 2,6-dimethylhep- 
‘ane at the time of its isolation from a midcontinent petroleum. 2,6-Dimethyl- 
eptane has been synthesized by means of the Grignard reaction and the proper- 
ties of a purified fraction compared with those of the isononane from petroleum. 
The properties of the isononane from petroleum are in good accord with those of 
6-dimethylheptane. The properties of 2,6-dimethylheptane (extrapolated to a 
purity of 100.0 mole percent from measurements actually made on material of 

rity ¥: .6 mole percent) are as follows: Boiling point at 760 mm Hg, 135.21° 
0.029 ; freezing point in air, ~, 102. 95 +0.10° C; density at 20° C, 0.70891 
4 =1.00003 2 ‘ml; refractive index, n$ 1.40073+0. 00005; critical solution tempera- 
ture in aniline, '80.0° +0.3° C. 


CONTENTS 
Introduction. 


lI. Synthesis of 2,6- -dimethylhe ptane 

III]. Physical properties of synthetic 2,6- dimethylheptane and its compari- 
son with an isononane obtained from petroleum 

lV, References 


I. INTRODUCTION 


The isolation from a midcontinent petroleum of an isomeric nonane 
boiling at 185.2° C has been described in an earlier paper by White and 
Rose {1].5 The identification of the compound was attempted at the 
time, by comparing the physical constants of the hydrocarbon from 
petroleum with those reported for the few nonanes known to boil near 
135°C. The compound had properties most nearly like those reported 
or 2,6-dimethylheptane [2, 3], but the agreement was not sufficient, 
inthe absence of knowledge concerning 19 of the 35 structurally pos- 
ible isomers of CyH», to make the identification complete. 

The indication from the correlation of physical properties that the 
compound might be 2,6-dimethylheptane was in keeping with a 
suspected dimethylheptane structure, a supposition based on the fact 
that all of the isoparaffinie hydrocarbons previously isolated from the 


‘Financial assistance has been received from the research fund of the American Petroleum Institute. 
is work is part of Project 6, The Separation, Identification, and Determination of the Constituents of 


Petroleum 


netrly Research Associate at the National Bureau of Standards, representing the American Petro- 
Institute; now with the W. C. Hardesty Co., Dover, Ohio. 
arch Associate at the National Bureau of Standards, representing the American Petroleum Insti- 


‘Resear +h Laboratory, Ethyl Gasoline Corporation, Detroit, Mich. 
‘Figures in brackets indicate the literature references at the end of this paper. 
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petroleum have been mono- or dimethyl! derivatives and on the furthe; 
fact that the isomeric nonane in question boiled at a much lower tem. 
perature than any of the monomethyloctanes. This view was ; Sup 
ported by a study of the diagrams, prepared by Calingaert and Hladk 
correlating the physical properties of the alkanes with their mo lecul; 
structure [4].° 

Moreover, a study of the near infrared absorption spectra in th: 
region 5,400 to 8,900 em™? (1.82 to 1.124) showed the absorptioy 
characteristic of isoparaflins. For this region, the salient features of 
the absorption of branched or methylated paraflins have been dis. 
cussed by Liddel and Kasper [5] and later by Rose [6]. A mathemati. 
cal analysis of the molal absorption index, according to the metho 
recently described by one of the authors [7], vielded the following 
values for the number of component structural groups in the molecule 
—CH;, 4 +0.4; —CH2, 3 +0.4; —CH, 2 +0.6. This indicate 
that the isononane was a dimethylheptane or a methylethylhexane jy 
which the branches are not attached to the same carbon atom.’ 


Ii. SYNTHESIS OF 2,6-DIMETHYLHEPTANE 


Synthetic 2,6-dimethylheptane was prepared and purified by the 
general method described earlier by Calingaert and Soroos [8). Ir 
this case, isobutyl magnesium bromide was coupled with ethyl formate 
producing 2,6- dimethylhept: anol-4 (bp/18 mm, 80.0 to 81.50° (: 
d?, 0.810; n°8, 1.4232) in a 74-pereent yield. This carbinol 
hydrogenated in three steps, giving a 90-percent yield of eri 
alkane, which was then treated with 98-percent sulfuric acid, washed 
dried, refluxed over sodium-potassium alloy, and finally fractionate 
cerefully in a column packed with crushed carborundum. 


Iii. PHYSICAL PROPERTIES OF SYNTHETIC 2,6-Di 
METHYLHEPTANE AND ITS COMPARISON WITH AN 
ISONONANE OBTAINED FROM PETROLEUM 


The physical properties of the synthetic material purified by dis- 
tillation were determined. The values obtained are listed in table | 
under the designation ‘“‘best by distillation.” 


6 These diagrams indicate the boiling points and molecular volumes (densities) of not only the k 
members of groups of isomeric paraflins but also of several of the unknown members by interpolatior 
extrapolation of curves for homologous series. 

?The details and experimental data for this analysis are given in the paper cited [7] 
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rapLE 1.—Physical properties of two preparations of synthetic 2,6-dimethylheptane 
, and of the isononane from petroleum 





Synthetie 2,6-dimethylheptane 





Isononane from 


Physical property petroleum 


“Best by distil- 
‘Best by distil- Nit astuypelig. Presb 
lation”’ lation and crystal- 


lization”’ 


boiling point, °C ® 135.208 +0.003 | *® 135.210 +0. 003 (» 
ure scoelc ient, dt dp °C; mm inte 3 | Ao ene | 0. 0490 
reezing po int in air, °C ..----| 103.24 +0. 02 —104. 1 +0. 03 ¢ —103.04 -0. 02 
vat 20°C, g/ml. 1 40. 70963 +0. 00002 | 4 0. 70949 +0. 00002 | 2 0. 70894 +0. 00002 
ipera ture ‘seoliiols ‘nt, dD Djat, pe r de- | 


| 
| 
} 


ndex, np. ee es oe _.---| £1.40115 +0. 00005 | f 1.4 


mperature coefficient, dn/dt, per de- 


VO95 +0. OOGC! 


e—0. CO049 
| 

ition tem : sce anilin e, °C 179.9 +0. 2 @s80.3 +0. 2 @S80.0 +0. 2 
e percent - = - 198.3 195 199. 6 


ned by E. R. Smith of the Physical Chemistry Section of this Bureau in a standard Swietos- 
meter [11]. 
ence in boiling and condensation points: Petroleum sample, 0.033° C; synthetic (‘‘best by distilla- 
0.008°C. It should be noted that these results are misleading if used as a criterion of purity, because 
hetic preparation before crystallization contained four times the amount of the impurity in the 
m petroleum. 
ieasured, assumed to be the same as for the preparation before crystallization. 
freezing point. Data obtained with a platinum resistance thermometer of 25 ohms. 
ed by the Division of Weights and Measures of this Bureau. 
ieasurements at 20° and 28° C, 
nined on a calibrated Abbe refractometer (Valentine design) 
ative values. At this temperature the mixture containe {37 mole percent of the hydrocarbon 
ously reported {1} value, 81.2 +5.5°C, is considered to be in error because of lack of stirring 
arin servation. 
Caleulated from the slope of the freezing curve (see text) 


in figure 1, curve JZJ (broken) is the time-temperature freezing 
for the synthetic 2,6-dimethylheptane, ‘“‘best by distillation.”’ 





2,6- Dimethyiheptane 


IN DEGRE 


TEMPERATURE 








30 40 5 
TIME IN MINUTES 








FicurE 1.—Cooling curves of 2,6-dimethylheptane. 


- yothetic, purified by distillation and crystallization; curve JJ, from petroleum; curve os 
burl tied by distillation alone. Curves // and III are the same, respectively, as curves J an ad 7 
ure The time seale for curves JJ and J/] is twice the actual scale. 


The slope of the curve during the freezing interval indicated that the 
uaterial was not of the highest purity, and consequently the distilled 
‘ynthetic material was further purified by crystallization. A 200-ml 
portion was twice crystallized from its solution in dichlorodifluoro- 


128082—39-———-4 
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methane, the crystals being separated from the liquid phase by «,. 
trifuging. There was obtained a 50-ml fraction which was devasco, 
and filtered through silica gel to remove the last traces of solyey; 
The values of the properties of the highly purified synthetic 2.6-¢;. 
methylheptane are listed in table 1 under the heading, “best by ¢js. 
tillation and crystallization.”” Hereafter, this preparation is referra, 
to as the “‘best’’ synthetic material. 

The behavior during freezing of the ‘best’? synthetic materia] js 
shown in curve J of figure 1. The highest observed point on curve | 
is —103.0;° C, and the initial freezing point is —103.05° C. Fron 
the initial freezing point and the slope of the curve, the freezing poin 
of the substance 100.0 percent pure is estimated ® to be —102.95° ¢ 





-102.0) - . 


| | 
2,6- Dimethyihepiane 


TEMPERATURE IN DEGREES C 


| 

| 

| = 
™ | Stirrer stopped 

' 


I Petroleum sample 
I Synthetic somple | 
H Mixture (i0%-1,90%-T) | | 


| 
| 
L 
5 10 


j 








| 
| 
| 





2 25 30 
TIME IN MINUTES 


FiaurE 2.—Cooling curves of various preparations of 2,6-dimethylheptane. 


Using a value of 2.5 +0.2 keal/mole for its heat of fusion,* the purity 
of the “‘best synthetic” material was calculated to be 99.6 +0.1 mole 
percent. 

The properties previously reported for the isononane from petro- 
leum [1] are listed in table 1. A calculation of the purity, made ins 
manner similar to that for the synthetic 2,6-dimethylheptane, yielded 
a value of 98.8 +0.2 mole percent. 

The cooling behavior of a mixture containing 10 parts of the petro- 
leum hydrocarbon and 90 parts of synthetic 2,6-dimethylheptane 
(“best by distillation’) was studied. Time-temperature freezing 
curves of the mixture and of the two component materials are showi 
in figure 2. The freezing point of the mixture, as indicated in curv 
ITI, lay between that of the hydrocarbon from petroleum and that 
of the synthetic preparation (curves J and JJ, respectively), and was 
proportionately nearer to the freezing point of the latter. 

‘The computations are based on the assumptions that the midpoint of the freezing interval indicats 
the point at which the material is half frozen [9j, that at the midpoint where the mixture is half frozen th 
concentration of impurity in the liquid has doubled, and that the impurity is soluble in the liquid phase 
but not in the solid pha-e. | 

* From data on the heats of fusion of other paraffin hydrocarbons, the heat of fusion of 2,6-dimethylheptane 
was estimated to be 2.70.4 kcal/mole. In connection with another investigation [12], the heat of fusion 
the isononane from petroleum was calculated to be 2.5 +0.2 kcal/mole, from values of the molecular depres 


tee of the freezing point produced by the addition, to the isononane, of known quantities of ethylcycl- 
exane. 
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TapLE 2.—Values of the properties * of the hydrocarbon, 100.0 mole percent pure, 
obtained by extrapolation of measurements actually made on synthetic 2,6-di- 
methylheptane, 99.6 mole percent pure, and on the isononane from petroleum, 98.8 

le percent pure 


mo 
Physical property | Synthetic Petroleum 


| 
] boiling point, °C . } 135. 21 +0. 02 135. 21 +0. 02 
sering point in air, °C | b—102.95 +0. 03 b—103. 04 0. 06 
eae tv at 20° C, g/ml | 0.70891 +0. 00003 | 0. 70876 +0. 00010 
V e] ex, n2 | 1.40073 4-0. 00005 | 1. 40079 +0. 00010 
TOM " ae eee PA! sae 
OINt For values of the coefficients of these properties with temperature or pressure see table 1. 


ertainties are relative. It is estimated that the values are good to +0.10° C (including uncer- 
the method and in therinometry). 


Table 2 gives values of the properties of the hydrocarbon, 100.0 
mole percent pure, obtained by extrapolation of measurements actu- 
ally made on synthetic 2,6-dimethylheptane, 99.6 mole percent pure, 
and on the isononane from petroleum, 98.8 mole percent pure. The 
extrapolations were made on the assumptions that the impurity in 
‘he synthetic material was normal nonane and that in the isononane 
‘om petroleum was a nonanaphthene [1, 10, 12], and that, within 
‘he small range involved, the values of density and refractive index 
are linear functions of the mole fractions of the components. The 
freezing point was calculated according to the procedure previously 
mentioned. The nature of the impurities was deduced from the 
manner of preparation and purification of the respective materials. 
(Conservative estimates of the uncertainties have been assigned to 
the values, there being included in the uncertainty one-third of the 
amount of extrapolation of the freezing point and one-tenth of the 
amount of the extrapolation of the density and refractive index. 
The values from the two preparations are substantially in agreement 
within the assigned limits of uncertainty. 





The authors express thanks to O. R. Wulf of the Fertilizer Inves- 
tigations Laboratory of the Bureau of Chemistry and Soils, United 
States Department of Agriculture, through whose courtesy the infra- 
red absorption spectra were measured, and to F. D. Rossini, director 
of this project, for his advice and encouragement. 
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SEPARATION OF HYDROCARBONS OF HIGH MOLECULAR 
WEIGHT BY ADSORPTION ON SILICA GEL! 


By Charles B. Willingham ” 


ABSTRACT 


re presented on the separation of different types of hydrocarbons of 
) molecular weight by adsorption on silica gel. A sharp separation of 5-(7- 
rahydronap »hthyl)- docosane from 5- (2- decahydronaphthyl)-docosane, and n- 
triacontane from 1-(p-dipheny!)-octadecane was obtained. Some separation 
 |-(p-dipheny])-octadecane from 5-(7-tetrahydronaphthyl)-docosane was found, 
it the separation was not as sharp as with the two preceding mixtures. No 
ation of a mixture of n-dotriacontane and 5-(2-decahydronaphthy])-docosane 

vas found. 
The capacity of 20 g of silica gel to adsorb preferentially the more aromatic 
‘mponents of these mixtures was found to be 1.8, 3.3, and 0.8 g, respectively, 
‘or the first three mixtures listed above. 


CONTENTS 
Introduction - _ __- 
I]. Apparatus and material. 
Ill. Procedure_ = 
IV. Experime ntal ‘results. 
\. References_-- 


I. INTRODUCTION 


Preferential adsorption by silica gel has been used for several years 
for separating mixtures of hydrocarbons of both the gasoline [1] * and 
lubricating oil [2] fractions of petroleum. The study made by ) fair 
nd White [3] showed that, for hydrocarbons similar to those occurring 

the gasoline fraction of petroleum (C; to Cj)), adsorption with silica 
vel is effective in removing completely small amounts of aromatic 
ivdrocarbons from their mixtures with paraffin and naphthene hydro- 
itbons, and further, gave information concerning the efficiency and 
wpacity of the gel for such separation. However, as no data have 
teretofore been reported concerning the effectiveness of silica gel for 
eparating hydrocarbons of high molecular weight, it is the purpose 

ithe present note to report such information. 


II. APPARATUS AND MATERIAL 

The apparatus used was essentially the same as that described by 
i. . sale 3 a” 
Mal Mair and White [3], except that both the tube containing the silica 
“Financ al fal ass issistance has been received from the research fund of the American Pe ‘trole um _ ti tity ite. 

kK is part t of Project 6, The Separation, Identification, and Determination of the Constituents of 

— Associate at the National Bureau of Standards, representing the American Petroleum 
‘Numbers in brackets indicate the literature references at the end of this paper. 
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gel and the receiver were equipped with a heating jacket, as shown j 
figure 1. Because of the high melting point of some of the hydy,, 
carbons, several of the experiments were performed at about 100° ( 
and for the same reason, the refractive indices, used to mark the exter: 
of the separation (as illustrated in fig. 2), were determined at 80° ( 
The silica gel used was marked “'150—-F-850” (40 to 200 mesh)* 
Three of the synthetic hydrocarbops 
<— AIR used in this work, 5-(7-tetrahydronaph. 
PRESSURE = thyl)-docosane, 5-(2-decahydronaphthy| 
docosane, and 1-(p-dipheny])-octadecane 
were kindly furnished by L. A. Mikeska | 
of the Standard Oil Development Co, : ¢\ 
other, -dotriacontane, was prepared by 
Y. Delcourt [5], and further purified ¢ 
this laboratory by distillation in high 
vacuum. 

In order to ascertain whether these 

synthetic hydrocarbons were sufficiently 

pure for the present experiments, each 6 

them was first filtered through silica gel 
in the same manner as in the experiments 
with the mixtures. The refractive indices 

of ail the fractions for each compound, 
with the exception of those from 5-(2- 


t 
4 
+ 
} 








decahydronaphthyl)-docosane, were sub- 
stantially constant and the same as that 
for the compound before filtration. This 
indicated that no fractionation occurred 
during passage through the gel. The 
compound 5-(2-decahydronaphthy])-doco- 
sane, however, showed some fractionation, 

REMOVABLE and fractions with refractive indices, nj, 

RECEIVER varying from 1.4926 to 1.4932, were ob- 
tained before a constant value (1.4932 
was realized. 














III. PROCEDURE 


The procedure adopted for the present 
experiments was as follows: To a weighed 
amount (20 to 25 g) of one component in 
FiGuRE 1.—Apparatus for fil- 9 small flask was added a weighed amount 

tering hydrocarbons of high of the second component to produce & 

molecular weight through sil- , : . ’ 

ica gel. mixture of the desired concentration (10 

to 20 percent by weight in the present 
experiments). The components were then melted by placing the flask 
on the steam bath, and thoroughly agitated to insure homogeneity. 
After the refractive index had been determined, the mixture was trans- 
ferred to the filtering tube and allowed to filter, under an air pressure 
of about 4 Ib./in.2 through 50 cm (approximately 20 g) of loosely 
packed gel. 

In all of the experiments except No. 1, the filtering tube and 
receiver were kept at approximately 100° C by passing steam through 


‘ This was"purchased from the Davison Chemical Corporation, Silica Gel Division, Baltimore, Md 


yTo DRAIN 
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the jacket. A small gas flame from a bunsen burner was used, as 
eaded, to keep the material in the upper bulb liquid. The filtrate 
was collected in a number (7 to 9) of small fractions, and the refrac- 
sve index of each was determined. 

The previously used technique [3] of displacing the adsorbed mate- 
rial from the gel with water could not be used in the present experi- 
ments because of the higher temperature. Instead, toluene, which 
poils at 110° C and is highly adsorbed by silica gel, was passed through 
‘he column to displace the adsorbed hydrocarbons of high molecular 
weight, which were thus obtained in solution with the excess toluene. 
The bulk of the toluene was subsequently separated from the wanted 
hydrocarbons by simple distillation, with the last traces of toluene 
being removed at 120° to 130° C by sweeping with a small stream of 
carbon dioxide. 


IV. EXPERIMENTAL RESULTS 


Experiment 1 (see table 1), performed at about 25° C (room tem- 
perature), Shows the recovery of substantially pure 5-(7-decahydro- 
naphthy!)-docosane, a naphthene or cycloparaffin hydrocarbon, from 
its mixture with the corresponding aromatic hydrocarbon. The sepa- 
ration was sharp, and the capacity of the gel was found to be 1.8 g of 
aromatic hydrocarbon adsorbed by 20 g of gel.® 


‘This ¢ spa ity does not differ greatly from that reported by Mair and White [3] for hydrocarbons of low 
jolecular weight; namely, 5.6 g of o-xylene adsorbed by 50 g of gel from a 10-percent solution of it with 
n-nonane, and 5.2 g of toluene adsorbed by 50 g of gel from a 10-percent solution of it with n-heptane. 
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A sharp separation was obtained also in experiment 2, who 
substantially pure n-dotriacontane, a paraffin hydrocarbon, \9; 
recovered from its mixture with the aromatic hydrocarbon 1./. 
diphenyl)-octadecane. A graphical representation of this Separation 
is shown in figure 2. In this experiment, the capacity of the gel ya; 
much greater than in experiment 1, being 3.3 g of aromatic hydro. 
carbon adsorbed by 20 g of gel from a solution containing 16.5 percent 
of the aromatic hydrocarbon. 

Experiment 3 was performed with a mixture of 5-(7-tetrahydro. 

naphthyl)-docosane which contains 1 aromatic ring, and 1-(p-< 3 


i<——_— |-(p- dipheny!)-octadecane 











80 








z 
x< 
Ww 
(=) 
= 
uJ 
> 
j= 
oO 
<x 
e 
aw 
Ww 
Lt 


~<-——— mixture 








n- dotriaconiane 
0 25 50 12 
PERCENT THROUGH GEL 














FigurE 2.—Plot showing the separation of a mixture of 23.85 g of n-dotriacontan | 


and 4.72 g of 1-(p-diphenyl)-octadecane. 


The scale of ordinates gives the refractive index of the various fractions of the filtrate, and the scale of a! 
seissas gives the percentage of material passed through the gel. 


phenyl)-octadecane which contains 2 aromatic rings. It will be noted 
that a small amount (0.62 g) of material was obtained with a lower 
refractive index than that of the original 5-(7- tetrahydronaphthy!- 
docosane. This small amount of material with lower refractive index 
was obtained because the 5-(7-tetrahydronaphthyl)-docosane, 4s 
already pointed out, was itself slightly fractionated on passage throug 
gel. The remaining fractions show some separation of the colt 
pound with 1 aromatic ring from that with 2 aromatic rings, though the 
separation was not as sbarp as that of nonaromatic from aromati 
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iedrocarbons. Only 0.8 g of 1-(p-diphenyl)-octadecane was prefer- 
satially adsorbed from the mixture by 20 g of gel. ; 
“Jn experiment 4 1t was found that substantially no separation 
spoyrred When a 9-to-1 mixture of the paraffin hydrocarbon, n-dotria- 
tane, With 5-(2-decahydronaphthyl)-docosane, which contains 2 
saphthene rings (condensed), was filtered through silica gel under 
je same conditions as in the other experiments. 


The author is grateful to B. J. Mair and F. D. Rossini for their 
svgestions and guidance, and to M. M. Haring, of the University of 
\larvland, for his interest in the problem. 
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RELATION BETWEEN MOISTURE CONTENT AND FLOW- 
POINT PRESSURE OF PLASTIC CLAY 
By Ray T. Stull and Paul V. Johnson 


ABSTRACT 


| stu iy was nade to determine the relation between moisture content and 
w-point pressure” of a Maryland clay, a Georgia kaolin, and a Kentucky ball 
heir moisture contents ranged from 17 to 34, 24 to 40, and 26 to 52 per- 
espectively, and the flow-point pressures range d from 8 to 400 Ib/in?. ‘The 
s were extruded from a knife-edged die by means of a cylinder and a mechani- 
- driven piston. ‘The flow-point pressures were determined on the average 
vad re adings for each test, and the percentages of moisture determined on a 
posite sample of 18 portions of the clay column. Tests were also made with 
extrus ion cylinders of different sizes and three dies of different diameters in 
ly of the effect of different cylinder and die sizes upon the flow-point load. 
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I. INTRODUCTION 


When pressure is applied to plastic clay in the mold or die to form 
a product of uniform structure, the moisture content and the applied 
pressure must be adjusted so that the transmitted pressures within 
the clay will cause it to flow and fill the mold or die completely. 
Considerable work has been done concerning the application of 
wessure to clays of different moisture contents in connection with 
‘tudies of plasticity, and on the effect of molding pressure upon the 
vhysical properties of the dry and kiln-fired products. However, very 

ittle work has been done and information is meager concerning the 
relation between moisture content of clay and the corresponding 
nessure required to produce flow. 

Bleini unger and Ross ! investigated a number of clays to determine 
the flow pressures required for different moisture contents. ‘The clays 


—— 


w of clay under pressure, Trans. Am. Ceram. Soc. 16, 392 (1914). 
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were extruded from a cylinder through a circular knife-edged orifice }, 
means of a hand-operated testing machine and the load readings note, 
when movement of the clay at the orifice was observed. Moisty», 
contents of the clay were plotted against corresponding flow pressure: 
and their conclusion was that ‘“The curves themselves are hy perbolic 
in character, as is to be expected.”” However, no equation was ten 
to express the relation between moisture content and flow pressure 
MacGee, White, and Klinefelter ? determined the flow pressures of , 
number of clays and shales with different moisture contents in a study 
of the effect of fine grinding on the flow pressure. Although no mop. 
tion was made of the nature of the curves they obtained by plotting 
flow pressures against moisture contents, they are apparently hyper. 
bolic in character. iis 
In a previous investigation * over 300 determinations were made of 
the moisture contents and corresponding flow pressures of a Marya 


a 
aud 


clay. After the data had served their purpose, they were plotted, ang 
the curve obtained indicated that the relation was hyperbolic in char. 
acter, which is in agreement with the conclusion of Bleininger an 
Ross.* Inasmuch as the moisture content of the clay ranged only 
from 24 to 26 percent by weight of the dry clay, the data lacked 
sufficient spread for development of the equation for the curve and a 
new investigation was, therefore, undertaken in which the water con- 
tent of the clay was varied over a range such that the clay was too 
soft at one extreme and too stiff at the other for practical molding 
purposes. Data were also obtained with different sizes of extrusion 
cylinders and dies to obtain an indication of their effect upon the 
nature and magnitude of ‘‘flow-point load.” § 


II. CLAYS INCLUDED AND SCOPE OF THE 
INVESTIGATION 


Three clays representing a wide range in plasticity were included 
in the investigation. These were a Maryland clay, a Georgia kaolin, 
and a Kentucky ball clay. The moisture content of the Maryland 
clay was varied from 17 to 34 percent by weight of the dry clay. 
For the kaolin the range was from 24 to 40 percent and for thie bul! 
clay from 26 to 52 percent. The flow-point pressures ranged fron 
approximately 8 to 400 lb/in.? . 


III. EQUIPMENT AND TEST METHODS 


1. EXTRUSION APPARATUS 


The clay in the moist condition was placed in a cylinder provided 
with a die and piston, and pressure to produce extrusion of the clay 
was applied by means of a motor-driven screw-power beam-and-poise 
testing machine of 2,000-pounds capacity, the assembly for a test 
being shown in figure 1. 

The extrusion cylinder (shown in fig. 2) used3in obtaining the flow- 
point pressures was fitted with a piston having an area of 4 m- 
attached to a push rod. The exit end of the cylinder was provided 

1 Properties of some Ohio red-firing clays, J. Am. Ceram. Soc. 18, No. 5, 158 (1935). : 
3 Paul V. Johnson and R. T. Stull, Performance of a hollow-ware extrusion machine with different comoina- 
tions of augers, spacers, and dies, J. Research NBS 14, 711 (1935) RP798. 


4 See footnote 1, p. 329. . 
5 See p. 332 for definitions of “‘flow-point load” and ‘‘flow-point pressure.” 
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1.—— Machine used for determining flow-point pressures. 


1, Extrusion cylinder; B, clay column; and C, weighing bottle 
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bnson | 


with a re movable head containing the die, which consisted of a 
sie ened tool-steel knife-edged orifice of 4-in. diameter. 

~ Two extrusion cylinders and three dies, all of different dimensions, 
«ore used for determination of the effects of their variable sizes upon 
the flow-point load. The cylinders were 1%- and 2%e-in. inside diam- 
ter. respectively, and the dies were \%, %, and ' in. in diameter. 
Thys. six different combinations of cylinder and die were available. 


,iiU 


2. PREPARATION OF THE CLAY 


In preparing clay specimens of varying water content, a batch of 20 
nd of clay with sufficient water added to form a soft mass was 
kneaded for 2 hours in a closed pug mill and 
lowed to stand in the mill overmght. The 
wing morning the cover was removed and 
ug mill operated slowly and continuously 
evaporation of moisture proceeded at 

room temperature. 

Be fore the first clay sample was taken, the 

ill was allowed to operate for about 10 minutes 
to redistribute any moisture which may have 
evaporated and recondensed in the mill during 
the night, and also to overcome the ‘“‘thixotropic’”’ 
stiffening ‘of the clay. 

A portion of the clay was removed for each 
siccessive test at regular intervals as evapora- 
tion pre eressed, so that data were obtained for 
snall differences in moisture content over the 
nnge from a very soft to a very stiff condition 
i tne clay. 


bes Extruded —» Eats 




















3. TEST PROCEDURE 


The clay was transferred from the pug mill to 
the extrusion cylinder in small portions, each 
ing thoroughly tamped until the cylinder was 
full. The clay was then made level with the top 
f the cylinder, and the die attached. The 
vinder with its charge of clay was immediately 
placed in the testing machine with the die exit _. sa 
rl. The push rod and piston remained F1¢URE 2.— Sectional 
eee : view of extrusion 
tionary and the movable head of the testing — ¢yjinder. 
iachine carried the cylinder downward at a 
nteof 0.7 inmin, | Crchaige a molt day, D. 
| ts starting the extrusion mechanism from rest, knt*edged die, Yin. diam: 
the load would build up until movement of the 
cay through the die began. As the constant rate of piston displace- 
ent continued, the rate of extrusion of the clay increased with the 
load until both became fairly stable. 
When about 4 to 5 in. of the clay column had issued, the testing 
machine was stopped and in approximately 3 to 5 seconds the clay 
column had virtually ceased flowing, and the load reading was im- 
mediately taken. The load required to start or to maintain Y extrusion 
is higher and less consistent than the load observed as the rate of 
extrusion approaches zero after stopping the testing machine. There- 
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Jo 
fore, the load obtained under the latter condition was adopted in t] 
investigation and is called “flow-point load,” and the pressure ia” 
pounds per square inch of piston head is called “flow-point pressyr.° i ™ 
For determination of the moisture content, a section of the fresh, 
extruded clay column about }% in. long was taken next to the die an{ fi 


placed in a weighing bottle. The procedure of taking a load readin, di 
and a corresponding portion of the clay column for the moisture dete: 
mination was repeated 18 times over a piston travel of 3% in. thy: 
leaving about 1 in. of clay in the cylinder. Each flow-point presgip 
was, therefore, obtained from the average of 18 load readings and ths 
moisture content from a composite sample of 18 corresponding portions 
of the clay column. 


IV. RESULTS 


1. EFFECT OF VARIABLE DIE AND EXTRUSION CYLINDER sg7zks 
AND DISTANCE OF THE PISTON HEAD FROM THE DIE ON Trr 
FLOW-POINT LOAD 


The 18 load readings observed during a test showed considerable 
variation, the reason for which was not at first apparent, inasmuch 9s 
the load readings could be made within an accuracy of +1 percent, 
Table 1 shows typical variations in load readings for three tests taken 
at random, one for each clay. The reason for this variation in the 
consecutive load readings became apparent when data were obtained 
in an investigation of the effect on the flow-point load of variable die 
and extrusion cylinder sizes and distance of the piston head from the 
die when the load reading was observed. 


TABLE 1.—Mazimum, minimum, difference, and average of load readings of a tes 
taken at random for each clay 


Clays and flow-point loads 


| 


$$$ $$$ —$_____ 

| } 

Maryland Georgia kao- | 
clay (test 23) | lin (test 10 


Load Kent 


Dall clay (test 


Pounds | 
444 | 
360 | 
84 | 


| 
} 
| 
Maximum | 
Minimum Ey 
Difference - - - - R | 


391 | 


Averase | 


In figure 3 the flow-point loads are plotted against corresponding 
distances of the piston head from the die when the load readings were 
taken for six tests made with the Maryland clay, in which the moisture 
content was maintained substantially constant. The plots indicate 
that the loads decrease in a “wave-like” manner as the piston moves 
toward the die; in general, suggestive of ‘sine waves” with referenced ing 
to sloping axes. The relation of change in the slope of the axis (MMM dig 
change in the size of the die was not established, but it does not appea' HM die 


to be a simple linear relation. Bile 
The wave-like changes in load produce an oscillation frequency I eq 
slightly more than 1 cycle for the length of piston displacement be- . 


tween the first and eighteenth load readings. This wave-like varli-H wi 
tion in load is also observed when clays are extruded at a constalt 
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sate of flow by means of a piston, cylinder, and die, when the load 
~eadings are observed at regular time intervals.® 

~The results plotted in figure 3 indicate that the magnitude of the 
gow-point load is influenced by the size of extrusion cylinder, size of 
jie, and distance of the piston head from the die when the load read- 


330 


3 4 


2 
distance trom die (inches) 


FigtrE 3.—Effect of different extrusion cylinder and die sizes and distance of the 
piston head from the die upon flow-point load. 


irves I, II, and IIL, extrusion cylinder, 2%2 in. in diameter with \-, %-, and }4-in.-diameter dies, 

a b respectively. 

ives IV, V, and VI, extrusion cylinder, 1% in. in diameter with }4-, 34-, and }4¢-in.-diameter dies, 
respectively. 


ing is observed. In general, the load decreases with (a) decrease in 
diameter of the extrusion cylinder, (b) increase in diameter of the 
die, and (c) decrease in distance of the piston head from the die. 
Test results are, therefore, only comparable when using a definite 
equipment under a definite set of experimental conditions. 


KL 
ket Stull, Wear of dies for ertruding plastic clay, BS J. Research 12, 501 (1934) RP675, See p. 509 


128082—89——5 
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2. RELATION BETWEEN FLOW-POINT PRESSURE AND mols 
CONTENT 


In the tests for the determination of the relation between mois; 
content and flow-point pre a of the clays, the pressures wor 
tuined with the same cylinder of 4-in *. cross-sectional area and di, 








1. Md. clay @,* 700 
R. Ga. Kaolin 42° 8.73 
3 Ky bal/clay a; /02 
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FiGurE 4.—Relation between flow-point pressure (lb/in?.) of piston head and 
ture content of the clays, in percent, of the dry weight of the clay. 


-in. diameter operated under the same experimental conditions 
hence the results are comparable among themselves. 

The curves obtained by plotting the average flow-point sagt 
against correspon ding moisture contents of the clays are shown in fig 
ure 4. They are hyperbolic in character and, according to the expt 
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»+-b) (w—a) Ky, or | ay - (1) 


m—=moisture content in percent of the 
dry weight of the clay 
=flow-point pressure in |b in?., of 
piston head, and 
a, 6, m, and A’=constants. 


TABLE 2.-— Values of the constants of equations 1 and 2 


7. 00 
8.73 
10, 20 


Average of b values=5.50, approximately 


eight of clay 


Comparison of the values of the constants determined for the clays 
studied may be seen in table 2 

\Ithough the extrapolation of the curves outside of the region 
vered by the data may not be justifiable, it is helpful in under- 
sanding the significanee of the constants obtained from the data. 
The value of asymptote a indicates the content of moisture with 
hich the hard dry clay must be imbued before it becomes amenable 
low (theoretically) at infinite pressure. 


When p=90, then 
es 1/m 
_— 
;) 


‘hich w represents the percentage of moisture content of the clay 

hich it would flow (theoretically) under the slightest pressure. 

The values for a, m, and K although constant for a definite clay, 
ae different for different clays, and 6 is evidently constant for all 
three clays. The values of 6 ‘obtained experimentally for the Mary- 

nd clay and the Georgia kaolin are substantially the same, whereas 
itis slightly less for the Kentucky ball clay. The average value of 
', however, is approximately 5.50. 

At moisture contents of the clay near the value w (eq 2), a decrease 
{| percent in moisture causes only a slight increase in the flow-point 
pressure, but when the moisture content approaches the value of a, 

very small decrease in moisture causes an enormous increase in the 
llow-point pressure. 


5. COMPARATIVE MOISTURE CONTENTS OF THE CLAYS AT THE 
SAME FLOW-POINT PRESSURES 


lt is well known that plastic clays highly colloidal in nature re quire 
nore moisture than the less plastic clays for proper workability. This 
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relation may be seen by comparison of the moisture contents of th. 
three clays at the same flow-point pressures. In table 3 are given }}, 
moisture contents of the clays at flow-point pressures of 10 and 999 
lb/in’. The difference of 190 lb in flow-point pressure (between 10 gn 
200 lb) results from a difference in moisture content of 14.45 percent 
for the Maryland clay, 12.34 percent for the Georgia kaolin, ap, 
21.53 percent for the Kentucky Ball clay. 7 


TABLE 3.—Moisture contents of dry weight of the clays at two different flow-noint 
pressures 





Moisture 
content at 
10 Ib/in 3 


Moisture 


ntent at 
200 Ib/ins 
———___. 





Percent 
Maryland clay 34. 70 
Georgia kaolin 39. 13 
STS Hees eee See nea ee ey eee — 50. 71 


2, 79 


i _ 
| Percent 








4. FLOW-POINT PRESSURES FOR SOFT- AND STIFF-MUD 
CONSISTENCIES 


The method most generally employed in both factory and laboratory 
for judging the desired consistency of a clay for molding, is by appexr- 
ance, feel, and behavior in molding. Using this method for judging the 
proper consistencies for the equipment used, it appears that the 
so-called soft-mud condition of the clays was obtained at a flow-point 
pressure of approximately 20 lb/in®. and the stiff-mud condition at 
about 80 lb/in?. 

A difference of 1 percent in moisture content at the soft-mud condi- 
tion causes a difference in flow-point pressure of approximately 4 
lb/in?., while the pressure difference at the stiff-mud condition is about 
22 Ib/in*. for a difference of 1 percent of moisture. 


V. CONCLUSIONS 


From the data obtained under the experimental conditions hers 
described, the following conclusions seem justifiable: 

1. The flow-point load decreased with decrease in diameter of ex 
trusion cylinder, with increase in diameter of die, and with decrease 
in distance of the piston head from the die. 

2. The plot of the flow-point load against corresponding distance ol 
the piston head from the die when the load reading is observed produce 
a curve similar to a “sine wave” with reference to a sloping axis. 

3. The relation between flow-point pressure and percentage 0 
moisture content of the clays can be expressed by the equatio 
(p+6) (w—a)"=K, 
where 

p=flow-point pressure in lb/in’. of piston head 5 
w=moisture content of the clay in percent of the dry weight 
of the clay, and 
a, 6, m, and K=constants. 


The values of a, m, and K were constant for a definite clay bu 


different for different clays, while asymptote b was substantial! 
constant for all three clays. The asymptote a represents the pe 
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Johnson J 


tage of uniformly distributed moisture in the clay before it becomes 


CCl 


.menable to flow at theoretically infinite pressure. 
4, When p=0, 
l/m 
of) 


i, which w represents the percentage of moisture of the clay at the 
iransition point where, theoretically, the slightest pressure would 
cause flow. ; : 

5, The soft-mud consistency of the clays was obtained at a flow- 
point pressure of about 20 Ib/in’., and the stiff-mud consistency at 
approximately 80 lb/in*. A difference in moisture content of 1 percent 
for the soft-mud consistency caused a difference of approximately 
4 |b/in’. in flow-point pressure, and a like difference in moisture for 
the stiff-mud consistency caused a difference of approximately 22 
|) in?, in flow-point pressure. 


WasHINGTON, January 16, 1939. 
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EFFECT OF THE SOLUBILITY! OF GLASS ON THE 
BEHAVIOR OF THE GLASS ELECTRODE 
By Donald Hubbard, Edgar H. Hamilton, and Alfred N. Finn 
ABSTRACT 
ication of an interferometer method previously used for determining the 
solubility of optical glasses, to a glass which is commoniv used for making 
etrodes, gave results leading to the following conelusions: 


ibility increases rapidly as the pH of most solutions increases aboy 


values below pH 7 for the 
s exhibits a slight swelling. 


rate 


olutions investigated (except 10 No HySO, 


of swelling is repressed in the acid region beyond pH 2 
t intermediate pH values 3.1 to 4.0 the rate of swelling is repr 
nicentrations of magnesium sulfate 
‘ring these conelusions in 
+} 


, these 


assed by 
connection with the performance of glass 
regions of marked solubility change correspond to the regions of 
ed voltage departures exhibited by electrodes made from this glass 
alies of the glass electrode are definitely associated with the solu 
has been further demonstrated both by the use of glasses which 
welling in the acid range, (and hence no detectable change o 
the “super-acid region’’), and by measurements made in alkaline 
such &s aqueous ammonia, in which soluble silicates are not formed 
‘circumstances the voltage departures are greatly decreased or com 
l vated 


i 


Xhpit s f 


i 


. Te . ‘ ares e 4k 
Vv case investigated, voltage departures of the 


glass electrode have 
accompanied by changes 


sin the solubility of the glass 


been 


CONTENTS 
MiuUctION 


erimental procedure 
and results 


I. INTRODUCTION 


lhe voltage of the glass electrode follows approximately the 
raight-line relation of the Nernst equation over an extended range 
| hydrogen lon concentrations. 


However, in most solutions a marked 
oltage departure begins at a pH of 8.5 or 9 and becomes greater with 
increased alkalinity. In the extreme acid range another voltage 
leparture appears [1] * in a direction opposite to that in the alkaline 
gion. Other voltage departures occur in salt solutions of high con- 
entration and in ethanol solutions [2]. Sinee such anomalies in the 
voltage of any electrode suggest changes in the nature of the equilib- 


‘solubility’ is not used in this report in a strict sense and is not to be confused with any phys 
iterpretation of the word 


in brackets indicate the literature references at the end of this paper 
I 





340 Journal of Research of the National Bureau of Standards \y,., 
rium between the material of the electrode and its environment , 
study of the solubility of the glass commonly used in electrode many. 
facture [3] was undertaken, employing the interferometer metho, 
previously used for estimating the rate of solution of optical glasses 
and comparing durability test methods [4, 5). ™ 


II. EXPERIMENTAL PROCEDURE 


The interferometer method was used because it offered a rapid and 
convenient means of making a semiquantitative study of the relatiye 
rates of solution of the glass over an extended range of temperatur 
and pH. Rectangular specimens (approximately 2 by 3 em) of the 
glass, with surfaces sufficiently flat to show interference bands whey 
placed under a fused-quartz optical flat, were partially immersed jy 
the desired solution, the surface of which was covered throughout the 
period of test with a thin layer of liquid petrolatum to prevent evapo. 
ration. The desired temperature was maintained constant to + 0.1% 
by means of an electrically heated thermostated water bath. Unde: 
these conditions very satisfactory and uniform attack of the immersed 
surface was obtained, beginning at the oil-solution interface. Th¢ 
magnitude of the attack was readily ascertained with a Pulfrich view. 
ing apparatus, using an unfiltered helium light for illuminating the 
interferometer. Some determinations were made in white light with- 
out the use of the viewing apparatus, because this procedure offered 
an easy and rapid means of ascertaining if the exposed surface of the 
specimen had undergone swelling or had dissolved during the test. 

All emf measurements were made with a Leeds & Northrup portable 
potentiometer-electrometer. Although the emf measurements of the 
solutions were made at room temperature, while the solubility experi- 
ments were made in most cases at higher temperatures, no account 
was taken of the small shift in pH of the buffer which accompanied 
this temperature change [6, 7]. Since all electrode measurements were 
made in Pyrex beakers, the solubility tests were also carried out in 
similar vessels, even though Pyrex is known to be attacked by the 
alkaline solutions [8, 9]. In no case did the pH of the buffer solutions 
shift as much as 0.1 from this cause, during the period of any test. 


III. DATA AND RESULTS 


The data plotted in figure 1 show the attack*-pH curve on Corning 
015 glass by Britton universal buffer mixtures [10] over the range pH 
2 to 12 for 6 hours at 80° C. At and below pH 7 the glass exhibits a 
slight uniform swelling, which, for convenience, is plotted as negative 
attack. Near pH 8 the solubility approaches zero and _ thereafter 
increases rapidly with increasing alkalinity. The region between 
pH 8 and 9 corresponds to the region in which voltage departures of 
the glass electrode just become noticeable, and as the pH increases 
above 9 the voltage departure increases rapidly, as does the solubility. 
For the pH region in which the transition from “‘negative’’ to positive 
attack occurs, excessive positive attack at the oil-solution interface 
was obtained, while below, in the main body of the solution, little or 
no attack was observed. For the specimen at pH 7 a marked positive 


* The term “attack” is used to express the thickness in fringes of the layer of glass removed under tie 
conditions of the experiment. One fringe corresponds to approximately 0.29 micron. 
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attack appeared at the interface while swelling was exhibited below. 
4 possible explanation for this may lie in the orientation of ions at 
the oil-solution interface [11, 12, 13] resulting in an increased alka- 
jinity there. ‘To account for the surface cuts observed, the pH at 
she interface would necessarily be greater than 9. 
The voltage departure of the glass electrode in the alkaline region 
increases rapidly with increased temperature [14], and from the data 
plotted in figure 2 it is shown that the rate of solution of the glass 
approximately doubles for each 10° C rise in temperature. 
‘That the voltage departures of the glass electrode are associated 
with the solubility of the glass is indicated by its behavior in aqueous- 
smmonia solutions in the absence of sodium ions [15] and is illustrated 
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Ficure 1.—Attack-pH curve of Corning 015 glass, exposed 6 hours at 80° C to 
Britton universal buffer mixtures covering the range pH 2 to 12. 


The plotting of the data in this and succeeding figures is not intended to convey the idea that the attack 
values were determined within close limits. The size of the circles does not represent the probable error 
of the data presented, but merely indicates that exactness is not implied. The data, however, are known 
to be sufficiently reliable to justify the trends indicated by the curves. 


by the data in figure 3. The interesting feature of this voltage-pH 
curve for ammonia buffers is that it continues as a straight line until 
the pH of full-strength ammonia solution is approached, at which 
point the voltage departs in a direction opposite to that normally 
encountered in alkaline solutions. This suggests that the glass is 
attacked less by ammonia solution at pH 13.3 than by lower concen- 
trations, such as pH 12.5. Solubility tests in ammonia solutions at 
those pH values for 15 days at room temperature confirmed this, 
since the one at pH 12.5 produced an attack of % fringe, while the 
effect of the other at pH 13.3 was hardly detectable (plotted as 
circles, fig. 3). Comparing the voltage-pH curve for the ammonia 
buffer with that for the universal buffer (plotted +, fig. 3), one would 
expect to find the glass more resistant to attack of the NH,* than of 
the Nat of the universal buffer at the same pH. This was also found 
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to be true. Solubility tests for 18 hours at 50° C showed a) 
by the NH, solution at pH 12.4 to be less than 2/10 fring 
that by the universal buffer at the same pH was greater thy 
fringe (plotted & In fig. 3). From these results it seems probal 
that variations in magnitude of the voltage de ‘parture for differ $a 
cations [1] in the alkaline range are primarily a question of differey 
in rate of solution of the glass in the presence of these ions. Howey, 
additional quantitative data must be obtained before such a con, 
sion can be substantiated. | 
Concerning the voltage departure in the “super-acid”’ recion. {; 
shows the effect produced on Corning 015 glass by hydroehloy; 
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FIGURE 2 Temperature effect on rate of solution of Corning 015 glass in 
NaQH for 3 hours at 80° C. 


sulfuric, and phosphoric acids. As the acidity increases the amount | 

swelling in 48 hours at 80° C. is repressed. Similar voltage departures 
are reported for high concentrations of other acids [16] and, althoug! 
the solubility tests have not been made, one can predict with reason- 
able certainty from Donnan membrane considerations and the dis 

tribution law that repression of swelling will be exhibited in thes 
cases also. Although the specimens exhibit less swelling in the hig! 
concentrations, it must be borne in mind that this diminished e fleet 
ean be attributed to repression of the swelling of the gelatinous silic 
laver resulting from the change in osmosis, caused by incre: 
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sontration of electrolyte, or to a partial solution of that silica, 
., a combination of both. 


Voltages for glass electrodes prepared from three commercial glasses, with 
reference to the satur ated calomel half- cell 


| pH of solu- Emf of the glass electrodes 
tions with | 

H2 elec | 

trode } Glass Al Glass 2B Glass C 


HC] 


H3PO, 


3. 20 
39 290 —, 300 
78 —.325 | -.2 —, 334 
06 365 252 376 
0. 01 429 | 315 ~. 441 





| 


| 
=e 


pH values below 7 the universal buffer produced no detectable effect on the glass in 6 hours at 80° ( 
§ utio ns of HCI], H2SO«4, and HaPO, at pH values below 3 also produce d no effect under similar 
ir was there any detectable attack or swelling in 4% hours at 80° 


Further evidence that the voltage departures are associated with 
hanges in solubility of _ glass is shown by the fact that electrodes 
prepared from glasses A. B. and C (table 1) exhibited no detectable 
swelling or voltage departures in the super-acid region. Typical 
tack-pH data and the corresponding emf-pH relation for glass A‘ 
re plotted in figure 5 as curves @ and 8, respectively. Below pH 3 
the data plotted are for HCl, H,SO,, and H3,PQ,, while above this pH 
the data are for the universal buffer. Under the conditions of these 
determinations no voltage departure from the straight-line relation 
was indicated for the “super- acid” region. However, columns 2 and 
table 2) and figure 6 give the voltage departures from the hydrogen 
poeete of an 1 electrode of Corning 015 and one of glass A in HCI 
more exacting conditions. 


Composition ( 
imate) 
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TaBLE 2.—Electromotive force between the hydrogen electrode and glass electrodes 
prepared from glasses 015 and A, in HCl and H.SQ, solutions ? 





Glass (HCI solution) |] G#8S (HS 04 solu- 
: ion 
Normality of solu- 


tions (approximate) 





015 





Volts 
0. 218 
. 218 
. 216 
213 
194 
175 























For these determinations the glass electrodes were compared 
directly with the hydrogen electrode, and the concentration of {hp 
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FicuRE 3.—Comparison of the voltages of an electrode of Corning 0165 glass in 


CH,COOH+NH, solutions (e) and Britton universal buffer mixtures (+), with 
the solubility of the glass in these solutions. 


HCl was extended beyond pH —1.01 (approximately 5 N) used in 
the: previous case. hese departures are plotted against log 1/\ 
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instead of pH in order to avoid the confusion of thought caused by 
tivity coefficients for high concentrations of HCl, which indicate a 
jecree of dissociation of 200 to 1,000 percent [17]. Although the 
jata presented indicate that glass A has very desirable emf relations 
in the super-acid region, its resistance is so high it cannot be con- 
sdered as more satisfactory than Corning 015 glass. 

Since voltage departures in the super-acid region have become of 
‘heoretical concern, it is of interest to note that we have repeatedly 
blown electrodes of Corning 015 glass which have exhibited no definite 
voltage departure in H,SQ, solutions, while doing so in HCl. Typical 
data illustrating this statement are given in table 2 (columns 2 and 4) 
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FIGURE 4.- epee f swelling of Corning 015 glass by increasing concentrations 
of HCl (CQ), H2SO,4 (e), and H3PO, (+) for 48 hours at 80° C. 


ior an electrode prepared from 015 glass compared with the hydrogen 
electrode. Although it cannot be demonstrated, we feel this is caused 
by differences in solubility of the particular sample of glass under 
observation in these solutions. Such irregularities in the voltage 
departures of the glass electrode in the acid region are confusing, and 
itwas thought that the behavior of the glass electrode toward hydro- 
luoric acid solutions, which attack glass relatively rapidly, might 
throw some light on the subject. 

Table 3 gives the voltage departures from the straight-line relation 
when the glass electrode was compared with the hydrogen electrode 
in HCl, H,SO,, and HF solutions of various concentrations. The 
voltages in HF are somewhat uncertain because of its vigorous action 
on the glass but, as expected, show large departures for the solutions 
of higher concentrations. Concentrations greater than one normal 
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FicurE 5.—Attack-pH curve, typical for glasses A, B, and C (CQ) of table 1, ani ji. 
voltage-pH response of an electrode prepared from glass A in HC} , H.S80,(0 
H;PO,(+), and Britton universal buffer (X). 
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ot reported because the hydrofluoric acid destroyed the class 


trode. 

Voltage departures similar in direction to that obtained in the 
epeacid region have been reported for concentrated salt solutions 
intermediate pil values [2]. To determine if these departures are 
sompanied by repression of swelling, solubility tests in 1/7/20 acid 
‘assium phthalate solutions containing MeSO, were made. The 
ita are plotted in figure 7 and indicate that a repression of swelling 
produced by the higher concentrations of MigSO,. If these data 
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buffered with \1/20 KH phthalate. 


ere plotted on a pMg basis, a curve similar to the solubilitv-pH 
rves for the concentrated acid solutions would be obtained. 
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TABLE 4.—pH of aqueous solutions of M/20 KH phthalate containing ya;,;, 
amounts of MgSO, ; ‘ 





MgS0,.7H;:0 
per 100 ml of pH 
solution 





Grams 
0 
1 
10 
50 
75 
5 














1 This solution contained no KH phthalate. 


Although the pH of the solutions changed from 4.0 to 3.1 (see table 
4) as the concentration of the MgSO, increased, it is evident fror 
figure 1 that this pH change alone would not produce a detectable 
effect on the amount of swelling. 

Another voltage departure of the glass electrode has been reported 
for solutions in which water is progressively replaced by ethanol |2| 
the departure being again in a direction similar to that reported for 
the super-acid region. Satisfactory solubility experiments were 
difficult to make in ethanol because of its volatility and also because 
the density of 95-percent C,H;OH is not sufficient to float the oil 
layer. However, it was possible to make some solubility comparisons 
between ethanol and water by adding equal quantities of H,SO, to 
distilled water and to 95-percent C,H;OH until the density of the 
latter was raised sufficiently to float the oil layer. Results obtained 
in this manner at 70° C for 48 hours showed a swelling of less than 
0.2 fringe for the water solution, while the effect on the glass by the 
ethanol solution was not definitely detectable. 

Solubility comparisons in water-alcohol solutions buffered with 
M/20 KH phthalate were also attempted. Seven days at room ten- 
perature gave approximately 0.1-fringe swelling in the water solution, 
the 50-percent ethanol solution gave a detectable swelling, while §5- 
and 95-percent solutions gave no detectable effect. Although these 
experiments are not all that might be desired, we feel they are quali- 
tatively correct. 

IV. CONCLUSIONS 


In all cases that have been studied voltage departures of the glass 
electrode have been found to be associated with marked changes in 
the solubility of the glass. This leads the authors to believe that the 
variations in magnitude of the voltage departures of the glass electrode 
in the presence of different ions are primarily caused by solubility 
differences of the glass produced by these ions and not by an equili- 
brative response of the electrode to ions other than hydrogen. rom 
this and further investigations it may be possible to form a more 
satisfactory picture of the mechanism of the glass electrode and 
perhaps to extend its range of usefulness. 
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ESTABLISHMENT OF A TEMPERATURE SCALE FOR THE 
CALIBRATION OF THERMOMETERS BETWEEN 14° AND 
83° K 

By Harold J. Hoge and Ferdinand G. Brickwedde 


ABSTRACT 


Seven resistance thermometers (six Pt; one 90Pt:10Rh alloy) have been cali- 
rated on the thermodynamic scale by comparison with a helium gas thermome- 
r, The boiling point of oxygen was taken to be 90.19° K, and computations 
ere wade in such a way as to secure continuity between the International Tem- 
erature Seale and the scale being established. On the latter scale the triple 
int of normal hydrogen was found to be 13.96° K and the boiling point 20.39° K. 
fables have been prepared by means of which temperatures corresponding to 
hserved resistances may be obtained by linear interpolation. 
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I. INTRODUCTION 


There are in the United States at the present time 13 laboratories 
quipped or being equipped to produce liquid hydrogen, liquid helium, 
r both, and the number is growing steadily. Many of the investi- 
sitions being carried on in these laboratories require the precise meas« 
irement of temperatures in the region below 83° K (—190° C), and 
‘he National Bureau of Standards has received a number of requests 
ior calibrations in this temperature range. The International Tem- 
perature Seale ! defines no standard procedure for the measurement 
ol temperatures below —190° C, and as a consequence it has been 
customary for eryogenic laboratories to calibrate their temperature- 
measuring Instruments by direct comparison with a gas thermometer. 
The difficulties inherent in gas thermometry make it highly desirable 
that some sumpler procedure be found, which may be used in all in- 
vestigations where the measurement of temperature is not itself the 
primary object. Since from 660° C down to —190° C the Interna- 
tional Temperature Scale is based on the resistance of platinum, a 
desirable solution of the problem would be to extend the useful range 
of the platinum resistance thermometer to lower temperatures. The 


eorge K. Burgess, BS J. Research 1, 635 (1928) R P22. 
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provisional temperature scale described in this paper represents sy¢\ 
an extension. Apparatus is now being set up to make this scale avail 
able to other laboratories by the calibration of thermometers whicl 
may be submitted for test. The purpose of this paper is to describe 
the establishment of this scale, which is to serve (1) as the basis fo: 
calibrations made by the National Bureau of Standards between | 4: 
and 83° K and (2) as the scale to be used by this Bureau in reporting 
the results of its own investigations. ‘. 

Since the National Bureau of Standards, in common with othe; 
standardizing laboratories, makes all calibrations above —199° ( 
on the International Temperature Scale, it is important that the 
scale extending to lower temperatures should join smoothly with j 
at its lowest point. This continuity can be obtained by using the 
oxygen point as the primary fixed point in determining the constan; 
of the gas thermometer, rather than the ice point, which is the more 
usual procedure, and by assigning to it the same temperature on bot), 
scales. ‘The scale described in this paper is based on seven resistance 
thermometers (six Pt; one 90Pt:10Rh alloy) whose resistances haye 
been determined as a function of temperature by comparison wit} 
the gas thermometer. 

The resistances of these thermometers will be checked from tine 
to time at the triple point and boiling point of hydrogen, at the 
boiling point of oxygen, and at the ice point. It is planned in subse- 
quent investigations to determine a number of other fixed points on 
the scale described. With a sufficient number of such points estab- 
lished, the maintenance of the scale will not be dependent on the 
preservation of the seven original thermometers. 

It is hoped that the scale will be found to be in agreement with the 
thermodynamic scale to within +0.02°. When a program for ther- 
mometry was laid out it was considered advisable to establish first « 
provisional scale of reasonable accuracy without waiting for the con- 
struction of more elaborate apparatus with which somewhat greater 
accuracy might have been attained. The continuation of this pro- 
gram includes, however, the construction of a new and more accurate 
gas thermometer with which not only to improve the present pro- 
visional scale but also to determine fixed points throughout the 
region below the ice point. 


II. APPARATUS 


There was available the low temperature adiabatic calorimeter used 
by Southard ? and his collaborators in their calorimetric investigations. 
This calorimeter had been used by Southard and Milner * as a cryostat 
for the gas thermometer with which they calibrated their resistance 
thermometers. After some changes, designed to improve its accu- 
racy, this apparatus was used in the present work. 

The thermometer bulb and cryostat are shown schematically in 
figure 1. Surrounding the heavy cylindrical copper bulb was 4 
thermal shield with independent heaters in top, side, and bottom, and 
outside the shield in turn was a vacuum-tight brass container. Out- 
side this container was a dewar flask which was filled with liquid 
hydrogen (in some cases with liquid air). This dewar flask was 
entirely enclosed by a metal jacket (not shown). By reducing the 


4J. C. Southard and F. G. Brickwedde, J. Am. Chem. Soc. 55, 4378 (1933). 
3J.C. Southard and R. T. Milner, J. Am. Chem .Soc. 55, 4384 (1933). 
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nressure inside this jacket with a vacuum pump, temperatures down 
19 59° k could be obtained with liquid air and temperatures down to 
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FigurE 1.— Thermometer bulb and cryostat. 


| \0.5° with (solid) hydrogen. The metal jacket was always surrounded 
by liquid air before filling the inner dewar with liquid hydrogen. 
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The copper-nickel capillary led to a mercury manometer where th 
pressures were read on a glass mirror seale. The end of the e apill se 
passed through a turned- -brass plug which was waxed into the shor 
arm of the manometer. On the bottom of this plug was a re 
point to which the mereury was adjusted by means of a leveling resoy 
voir before each reading. The long arm of the manometer was eop. 
nected to a vacuum system and the mercury columns were thermal) 
protected by light aluminum shields. Thermocouple junctions wor 
placed at 10-cm intervals along the portion of the capillary extendiy 
from the brass container to the region at room temperature, Ty 
reference junction for these thermoelements was in melting ice, sj 
differential thermocouples (marked & im fig. 1), having a commo 
junction on the bulb itself, indicated any temperature differences ho. 
tween the bulb and the points marked . It was necessary to furnis| 
separate heaters both for the cable of leads and for the capillary 
The input to the various heating circuits was regulated to keep thi 
indications of the differential thermocouples as near zero as possibl 
Under these conditions the bulb could be kept at constant temperatur 
as long as desired. 

All of the resistance thermometers used were of the four-lea: 
coiled-helix type wound on mica crosses, as described by Meyers,‘ but 
were sealed into cylindrical platinum cases (5 by 50 mm), filled wit) 
helium to promote rapid attainment of thermal equilibrium. The 
leads were brought out through a glass seal at the end of each case 
Two resistance thermometers are shown in place in figure 1. Low- 
melting solder was used to insure good thermal contact between thy 
thermometer cases and the copper block. All of the thermometers 
had been repeatedly annealed at approximately 500° C until heating 
to the sulfur point (444.6° C) did not change their ice-point resistances 
by more than the equivalent of 0.001°. No great difficulty was ev- 
perienced in making thermometers which fulfilled this requirement 
However, the 7 thermometers chosen were the best of a group of | 
not all of which satisfied the condition just laid down. The ice point 
of the seven thermometers have been checked several times during tle 
progress of the investigation, some of them over a period of near 
years, and no significant trend has been detected. The constants 0 
the thermometers used are given in table 4, page 362. 

The leads from the thermometers were wrapped several times 
around the bulb and shellacked down, so as to minimize heat leaks | 
the thermometers. The leads passed from the bulb to a groove mm thi 
radiation shield, passed several times around it, and emerged from tli 
top of the shield, where all the leads were collected into a cable 
wound with a heater. After making several turns around a metal 
ring, the cable passed up through the central copper-nickel tube an 
emerged from the vacuum system through a wax joint at room ten: 
perature. The purpose of the metal ring, which was soldered to th: 
top of the brass container, was to cool the leads to the temperature 6! 
the refrigerating bath. The central copper-nickel tube led to : 

vacuum system into which helium could be admitted whenever th 
cas thermometer was to be brought rapidly to the temperature of the 
bath. This vacuum system was entirely independent of the one to 
Ww whic h the manometer was connected. 


Cc H Meyers, BS J. Research 9, 807 (1932) RP 
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Pocistances Were measured on a thermostated Wheatstone bridge of 
ay ‘ ps van 7. 

» type designed by Mueller.6. The thermocouples on the capillary 
ro read with a potentiometer; those on the temperature-controlling 
yy were arranged for direct connection to a galvanometer. 


III. THEORY 


\ real gas, confined ina volume which is strietly constant and at 
orm temperature throughout, exerts a pressure which is a single- 

ined funetion of the temperature. This pressure may be used to 
ye g seale of temperatures according to the equation 


p CRy, (V const), (1) 


ubseript g indicates that the scale depends on the kind of 
Lits density, and does not necessarily agree with the therme- 
scale. The constant ¢ is fixed by the condition that 7) in- 
by 100° in passing from the ice point to the steam point. 
realize a definite gas seale of temperatures it is necessary to take 
ssecount the faet that no actual gas thermometer quite fulfills the 
litions laid down above. The volume always changes somewhat 
th changing temperature and pressure, and there is always some gas 
e capillary and other pressure-transmitting volume ° that is not 
neralat the same temperature as the gas in the thermometer bulb. 
<¢ fuets make it necessary to work with the product pV in place 
he single variable p of eq 1. Referring to unit mass of gas, consider 
e equation 
(2) 
any given value of v this may be made identical with eq 1 by mak- 
cur ec, so that there are exactly 100° between the ice and steam 
nts. Ifais kept fixed while 7 is allowed to vary, the 7, correspond- 
sto a given thermal state is no longer uniquely defined by eq 2, 
tmay range over a narrow band of values whose width is propor- 
wl to the deviation of the gas from Boyle’s law. Evidently the ice- 
steam interval will in general be 100° only for one particular gas 
itv. Let @ be so chosen that the particular density for which this 
irs is the same as the density 7 of the gasin the bulb of a constant- 
me gas thermometer. Then, if the total volume of the gas ther- 
weteris Vand the mass of gas contained is m, we have 
pV maT, (33) 
ue entire thermometer is at uniform temperature. If it is not at 
orm temperature, imagine it subdivided into smaller volumes, each 
which may be considered to be at uniform temperature. For the 
each we may write 


pV,=matT,,, (4) 


Research NBS. (Publication pending.) 
is used for this volume are ‘obnoxious volume”’, ‘noxious yvolume”’, ‘‘dead space” 
, ‘unheated space’, ‘ sch&dlicher Raum”, and ‘espace nuisible’’. The expression ‘‘pres 
lume”’ was adopted as being more descriptive of the actual function of this part of the 


y will change slightly as the thermometer buib expands and as the temperature of the pressure 
me changes, Within the experimental error, however, a constant value of a may be rscc 
ariations are small, 
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J 


and summing over all the volumes 
= 
P2677 

i 


Separating out and dropping subscripts on the important term which 
refers to the gas-thermometer bulb, 


V oY r= 
pte T, =A, 


the prime indicating that one of the terms has been taken outside 
the summation. Variations in the bulb volume may be taken int 
account by writing 
V=V,)\(l+aT+ 6T?+ .... +yp+ep?+- 
=Vl1+f(T7,p)], 
the constants being determined by preliminary investigations. Sub- 
stituting this expression in eq 5 and multiplying by T,/V5, we obtain 
Z V,|_A 
a g { ’ 
piL+ (Tp) +58 py ri=pl 
08 gi 0 


+ =a>)m,=A=constant. 
gi i 


and putting V,/A=C, 


T= + A(T) +492 php. 
Vo i Lge 

From this equation, 7, may readily be found by successive approxi- 
mations since only the first term in the braces is large. In the calcula- 
tions it is generally permissible to use 7, for T in finding the change 
in bulb volume with temperature. The change in bulb volume with 
pressure is in many cases negligible. The pressure-transmitting 
volumes, V;, must be found by actual measurement, but their change 
with temperature and pressure may ordinarily be neglected. The 
temperatures 7,, which should be assigned to the transmitting 
volumes are really defined by eq 4. However, they are ordinarily 
measured with thermometers or thermocouples calibrated to give 
temperatures in approximate agreement with the thermodynamic 
scale. With data on the deviation of the gas from Boyle’s law one 
may calculate how the value of 7,, corresponding to a given thermal 
state will vary as the gas density is changed. For most gases this 
variation is small, seldom more than a few hundredths of a degree 
throughout the range of densities likely to occur in a gas-thermometer 
system. Hence, since the 7;,,’s occur only in small correction terms, 
it is generally permissible to replace them directly with the ther 
mometer and thermocouple indications of 7’. * he 

Experimental determination of the constant C requires in principle 
that p be measured at both the ice and steam points. In many 
instances it is better to determine C from measurements made at 4 
single point, employing the results of earlier investigations to insure 
the preservation of the 100° ice-to-steam interval. With the appara 
tus used in the present work, for example, determination of C at the 
oxygen point rather than at the ice and steam points permitted the 
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yelium density to be increased by a factor of 373/90, with a propor- 
onal increase in sensitivity. It is worth-while to emphasize that 
chen C is determined without measuring the ice-to-steam interval, 
‘he gas-scale temperature, 7,, rather than the thermodynamic tem- 
sorature, 7, of the calibration point must be inserted in eq 6. 

“To obtain centigrade gas-scale temperatures from temperatures on 
the corresponding absolute gas scale, the temperature of the ice point 
on the latter scale must be subtracted, 


a 
(= o— 1p. 


since many investigators employ the pressure coefficient 8 and com- 
gute temperatures directly on a centigrade gas scale it should be 
pointed out that in eq 1 


C= Bo 
IV. REDUCTION TO THE THERMODYNAMIC SCALE 


The most common method of reducing gas-scale temperatures to the 
thermodynamic scale is based on the assumption that when a gas is 
ved at lower and lower densities, the corresponding gas scale ap- 
proaches the thermodynamic. Data for helium which permit this 
extrapolation to zero density have been obtained both at the Reichsan- 
salt and at Leiden for the temperature range in which we are inter- 
ested, and tables of corrections 8, ® based on these data have been pub- 
lished. ‘These corrections are for a centigrade gas scale and are con- 
sequently zero at the ice and steam points. To permit a more direct 
comparison of the results of the two laboratories, the corrections which 
they would obtain for the absolute scale of the same gas were com- 
puted. The Kelvin and Celsius thermodynamic scales satisfy the 
relation 7’=7)+t, while two corresponding gas scales satisfy the 
relation 7,= Tyo+t,. Hence 


7~T,~(T,~T.9+0-+4)). (7) 


The published tables referred to give values of t—t,. 

From the Reichsanstalt data we have computed 7'—7’, directly, 
following the procedure of Henning” on page 174. In place of his 
equation for t—t, (t—t, in our notation) the corresponding equation 


— T T +100 
T— T= ~4| B—Bo _— —" (Bw —Bo) | 


was used, where Ag, B,, ete., are taken from equations of isotherms of 
the form 


At Bp+Op?.. . 


The B values used were computed from the equation used by Hen- 
ung." The value found for 7,—7,j. was —0.021°. As a check, 


Steehinteacitiaieaiee 
F. Henning, Z.ges. Kiilte-Ind. 37, 169 (1930). 
: W. H. Keesom and W. Tuyn, Leiden Commun. Supp. No. 78, tableon p.49. (Reprinted from Travaux 
re da Bureau International des Poids et Mesures 20 (1936) .) 

* Footnote 8, 

; F. Henning, Z. ges. Ktilte-Ind. 37, 169 (1930); the entire set of constants is given by J. Otto, Hand. Exp. 
rbysik 8, part 2, 191 (1929). 
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t—t, was computed from eq 7, using this value, and the values {oy 
were identical with those of the Reichsanstalt table. , 

Keesom and Tuyn plotted the corrections computed from sey, 
sets of isotherm data, and based their table on a smooth curve dryy 
through these points. In the heading of their table it is stated 4 
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Figure 2.——-Corrections for reducing to ‘the thermodynamic scale, computed 
data of the Kamerlingh Onnes Laboratory at Leiden and the Physikalisch-7\ 
nische Reichsanstalt. 


he heavy line represents corrections adopted for use 


their corrections are based on a value of —0.361 
(==y— 8 in our notation). 
Since 7)=1/y and 7.1/8, we have 
1/p="—1 = T3(8—4 
py 
Substituting their value for B—y, we find 74— 7% 0.027°. This 
quantity was used with eq 7 to compute 7'— 7’, from the Leiden tab 
In table 1 the original values of the two laboratories are reproduced 
together with the derived values of T—7,. In figure 2 the corrections 
T—T, have been plotted against the absolute temperature. The 
heavy line on this graph is a weighted mean of the two sets, and repre- 
sents the corrections adopted for use in the present work. The 
numerical values are given in table 2.. Since the computed ice pout 
pressure of our thermometer was 2.46 m Hg, the corrections actually 
used were 2.46 times those given in the table. 
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mang Deviation of the constant-volume helium gas scale pPow= 1 m Hg) from the 
“thermodynamic scale, according to the Kamerlingh Onnes Laboratory at Leiden 
ind the Physikalisch- Technische Reichsanstalt 


T-T, 


| 


Le PTR PTR 


! 

37. 16 0.000 | 000 | —0. 027 ~(. 021 
3.16 | —. 001 | 001) —. 028 —. 022 
3.16 | . 000 000 -. 027 . 021 
23. 16 O02 | 003 025 } —. 018 
16 006 007 = 008 7 014 
3.16 O13 O13 | O14 | —. 008 

lf O19 —. O08 
16 | } Oly | 002 
lh | . 024 022 —. (WS 001 
16 | 030 02H) 003 005 


16 037 031) O1o 010 

16 U41 035 ul4 | 014 

3.16 | 045 (. 045 O18 024 

3.16 | 046 | old 
| | 


¥.H. Keesom and W. Tuyn, Leiden Commun. Supp. No. 78, table on p. 49 (Reprinted from Travaux 
moires du Bureau International des Poids et Mesures 20 (1936). 
ning, Z. ges. Kalte-Ind. $7, 169 (1930 Values in parentheses were computed by the authors 
ning’s formula. 


Deviations used in this paper for correcting from the helium gas scale 
(7',) to the thermodynamic (T 
{Yor po=1 m Hyg.) 


| 


T-T, 


0.016 
O17 
O18 

-. 019 
020 


V. PROCEDURE AND CALCULATIONS 


The thermometer was filled to approximately atmospheric pressure 
at liquid-air temperature. The gas was admitted through the ma- 
wmeter after evacuating the system for several days. During the 
tilling the helium was purified by slow passage over charcoal cooled 
by liquid air and through a cotton-filled tube immersed in liquid 
uvdrogen. Mercury was brought up into the manometer and the 
nanometer tube evacuated. The cryostat was filled with liquid 
ivdrogen and the bulb cooled to the temperature of the hydrogen 
bith. Measurements were then made at intervals of a few degrees, 
ne Operator being required to control the bulb temperature, a 
«cond to measure resistances, and a third to observe the pressure. 
Pressure readings were alternated with resistance-thermometer read- 
igs, and the temperature computed from the mean observed pressure. 
Iwo thermometers on the mercury column and the thermocouples on 
the capillary were also read at each temperature. Readings at the 
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very lowest temperatures were obtained with helium in the space 
surrounding the bulb. 

The pressure readings were corrected for capillarity and reduced t; 
mm Hg at 0° C and standard gravity. Values of R and of w(=R)p. 
for each thermometer were computed. Thermal expansion of th 
copper thermometer bulb was calculated from the data of Keeson, 
Van Agt, and Jansen.” The equation V= V,(0.991171+-3.267 « 19~7 

+1.064107-7T*) was found to fit these data satisfactorily beloy 
90° K.% A rough calculation showed that pressure changes shou! 
have a negligible effect on the volume of the bulb. 

The temperatures of the a volumes were 
deduced from the thermocouple and thermometer readings. The 
transmitting volumes were determined by substituting for the gys. 
thermometer bulb a calibrated glass tube sealed to the capillary and 
arranged to be filled with mercury to any desired height. “Afte 
admitting a small amount of gas to the system its volume was varied 
by changing the height of the mercury in the glass tube. The effect 
of volume change on the pressure was noted, and the transmitting 
volume computed from Boyle’s law. This process was repeated after 
cutting off all except a small section of the capillary. Volumes found 
were 0.180 cm* for the space where the capillary joined the manom- 
eter, and 0.000942 cm*/em length for the capillary. The length of the 
capillary was 146.7 cm, making the total transmitting volume 
0.318 cm’, or 1.6 percent of the volume of the thermometer bulb, 
which was 19.69 cm*®. In calculating the quantity 


ep 
A49 
Dim 
i 
a linear change in temperature between one thermocouple and the 
next was assumed. The section of the capillary between the bulb and 
the first thermocouple was wound with a heater extending about half 
its length, by means of which the flow of heat away from the bulb was 
prevented. A parabolic temperature distribution in the heated 
section and a linear distribution beyond it were assumed. 

To determine the gas-thermometer constant, C, of eq 6 several 
observations in the neighborhood of the oxygen point were made at 
the end of each run. All of the thermometers used were intercom- 
pared before the final calculations were made, and all had had ther 
oxygen-point resistances determined on the International Temper- 
ture Scale. By utilizing the results of the intercomparisons, the 
error in the oxygen-point resistance assigned to any particular 
thermometer was considerably reduced. From resistance measure- 
ments, the temperatures of all experimental points above 86° K 
were computed on the International Temperature Scale, on which the 
boiling point of oxygen is —182.97° C. These were converted to 
absolute thermodynamic temperatures by using the value of 273.16" 
K for the thermodynamic temperature of the ice point. Each value 
of 7 thus found was converted to the corresponding 7, on the gas 

13 W. H. Keesom, F. P. G. A. J. van Agt, and Miss A. F. J. Jansen, Leiden Commun. 182a (1926). 

13 Southard and Milner (J. Am. Chem. Soc. 55, 4384 (1933) ) used a different equation based on these samt 
data. Dr. Southard has informed us that an error was made in the derivation of their equation. ; 

14 Earlier estimates of the transmitting volume based on filling a section of the capillary with water anc 
weighing, and computing the volume at the manometer from dimensions gave somewhat smaller values. 


The possibility that this might be the case was a to our attention by J. A. Beattie of the Massachusetts 
Institute of Technology, who also suggested the method finally adopted. 
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sale by use of table 2 and substituted in eq 6 to determine C. 
Determined in this way the constant C is presumably the same as 
would have been obtained by making actual measurements at the ice 
and steam points. On one occasion during an interruption of measure- 
ments the thermometer bulb was kept at liquid-air temperature for 
more than a month. In this interval the gas in the thermometer was 
tat the rate of about 11 parts in 10° per day. During a single 


\08 


nin such a loss would be entirely negligible, but for each run the value 
of C was independently determined. Having found C, temperatures 
vere computed from eq 6 and corrected from the gas scale to the 
thermodynamic by means of table 2. The corrected temperatures 
and the corresponding resistance values are given in table 3. 


TagLE 3.—Eaxperimental data: p is corrected pressure (=T,/C in eq 6); T is tem- 
perature corrected from the gas scale to the thermodynamic, w= R/Ro 





Point Number wu Wow 





mm He 
96. 16 a 0. 00 2890 0. 00 2952 
97. 38 . 833 2899 2963 
97. 68 q 2911 2975 

100. 73 : 2963 3026 
101. 01 : 2068 3034 
104.91 . ( 3045 0.00 3110 |. 
111. 65 2. 47! 3183 3250 
125. 48 4.013 3554 3624 
125. 50 3561 3630 
128. 47 3654 3726 
132. 18 . 756 ) 3786 . 00 3860 
133. 44 . 8 3833 3907 
142. 69 5. 92! 4215 4296 
153. 39 7.11 4751 
162. 07 ‘ 5257 
165. 07 ’ §392 
178. 10 9. 6413 | 
182.01 20. Gooe.1.......~. 
183. 90 : 6820 . 00 BOLT 
189, 77 . 159 7443 7545 
195, 82 21, . 00 8048 00 8154 
207. 46 3. 9199 9311 
209. 63 3. 4 re 

235, 19 26. 209 .01 3173 . 01 3306 |____- ; 
245. 95 27. . 01 4731 . 01 4870 0. 56 0052 


255. 39 28, CO es ee 
259. 35 8. 74: 01 7196 .01 7350 | 0. 56 1343 
300. 49 3. 29: .02 6275 |__. |. : 

310. 12 34. . 02 9302 . 02 9482 
315. 83 ‘ {eee ieee 
341. 45 } . 03 7719 . 03 7918 _ 57 1665 
350, 92 38. 872 . 04 0656 . 04 0859 . 57 3094 
360. 42 39. cS Sh eee: 5 he 

384. 41 05 2674 05 2804 j___- 
409. 93 5 06 1177 06 1400 5 
422. 69 5. . 06 6058 
444. 04 “e . 07 4875 
492. 10 54. . 09 4634 
499. 15 5. . 09 7631 
501. 94 § . 09 8819 


545. 03 , . 11 7946 . 11 8188 
552. 65 . 19% . 12 1407 one 
575. 85 . . 13 2076 : 
585. 30 . 757 . 13 6290 see 

589. 95 - 140019 . 14 0268 


. 14 1363 
15 4157 
. 15 5179 
- 15 9402 
- 16 2422 


. 16 4606 
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TABLE 3. Expe rimental data: p ws corre cled pressure | T/C in eq eb T 


v 


perature corrected from the gas scale to the thermodynamic, w= R/ Ry—Co, tir 


1@(] 


Point Number 


23 4204 
23 9S1Y9 
24 2040 
244956 


VI. DATA AND RESULTS 


The constants of the seven resistance thermometers are given i 
table 4. All except two had previously received complete calibratio: 
on the International Temperature Seale. The constants 6 and 8 ar 
those appearing in the modification of Callendar’s equation propose: 
by Van Dusen 


ai i( ois (00! aa0) 


which is equivalent to the International Temperature Seale equatio 
and somewhat easier to use. 


TABLE 4.— Constants of the seven calibrated resistance thermomete 


fixed point 


lher Nita 
mom- rial j | 
eter . } O2, nbp 

| (90.19° K 


11294 | 0.00 3665 | 0.00 6993 | 0.24 6325 
11142 | 3669 6990 | 6114 
aN ee 3543 6811 5540 
10840 | 3607 6901 | 5780 
. 11235 | 3628 | 6935 593 
10895 | 3613 | 6909 5771 
f 90Pt: |, , | | 
| 
i 


{ 10Kh 


.S. Van Dusen, J. Am. Chem. Soc. 47, 326 (1925). 
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Of the seven resistance thermometers, three (L6, L11, \/1) were 
pared direetly with the gas thermometer, and the data given in 
' obtained. After this the capillary was removed and ther- 
meters Lo, Ld, LI, and L10 placed with L6 in the copper thermom- 
bulb, whieh now served as a comparison block. Resistance 
lings on all the thermometers were then made at I- or 2-degree 
wervals throughout the range 10° to 90° K, without making use of the 

naratus as a gas thermometer. 
Xo satisfactory simple formula connecting the resistance of plati- 
mand the temperature in this range has yet been proposed. The 
ila of Henning and Otte '® based on the sum of two Debye fune- 
ean be used, but sinee it does not avoid the use of a tabulated 
tion it was decided to construet directly a table which gave the 
‘sanee-temperature relation for one of the thermometers used (16), 
use this table for the other thermometers by tabulating the 


| 
| 
| 


| 





35 AS a. 
ABSOLUTE TEMPERATURE 


igure 3.— Scattering of the experimental points. 
Zero deviation represents agreement with table 4 
itlons of each from this table. A previously published table ' was 
usastarting point and values of w(-= R/R,) corresponding to the 
rved temperatures computed from it. These were subtracted from 
bserved values of Wy, and the quantities (Wz5— Wire) plotted. 
eviation curve was drawn and used to improve the original table. 
is process Was repeated several times until a table was obtained 
which the deviations were random. This table was next 
othed by Speneer’s method.'"* The smoothed values are given in 
5), page 364. In figure 3 the deviations of the observed values from 
‘lis smoothed table are plotted. The curved lines in this graph 
orrespond to +0.01° and allow the seattering to be estimated in 
vs. They also show how very rapidly dw/d7 falls off below 
\. It is this rapid decrease which makes it more convenient to 
Av, which approaches zero, than AT, which becomes large 
lowever, the actual scattering is chiefly due to errors in the determina- 
tonof rather than w. 


’ 
( 
50 | 
i 


ngand J. Otto, Phys. Z. 37, 601 (1936) and earlier paper 
rdand kh. T. Milner, J. Am. Chem. Soc. 88, 4384 (1933 
ker and G, Robinson, The Calculus of Observations, 2d ed. p. 290 (Blackic 


ow, 1929) 
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TaBLE 5.—Smoothed temperature-resistance table for platinum, based on thermo» 
eler : 


{w=R/Ro. Differences are for use in Bessel’s interpolation formula. Example: wes w= 10[ on 


0.8(0.8-1) ; 


3931 -+-—— 4 2 x78 | = 0.099694] 





w 





5 |———-- 


| 
0.002789 =| 39. 0.041046 _ | 67 | 0. 145672 
2924 | 40) . 043967 a ~ | 68) . 149902 | 
3090 “41 | 046978 | |. 154144 
3298 , 42! .05007 158396 
3555 | 43.| 053255 || 71 |. 162658 ” 
3368 si] 44 | «056514 || 72 |. 166998 
4244s . 059848 ar | |. 171206 
4689 || «46 | 1063254 | 74! . 175492 
| ies | | .066729 || 75|_. 179784 
5816 | 481 . 070268 "|| 76). 184084 
6513 | 49 | . 073868 | |. 188389 
7305 ||, «80| .077525 ~——sdi|s78 |. 192700 
sis9 | 51 | .081287 79). 197017 
9199 —. A .084998  —s || 80} . 201338 
(0.010312 || «58 | .ossso7 |. 205665 
. 011539 ~ || 54] .092659 ~~} 82 |. 209995 
012883 ~ || 55 |. 096552 "|| 83} . 214329 
014345 | 56) . 100483 “|| ga] . 218666 
. 015928 | 97] . 104451 || 85 | . 228005 
017631 ~ || 58]. 108452 || 86 | . 227347 
019454 | 59 | . 112486 . 231691 
021398 ||, 60}. 116550 | . 236035 
023461 |} «61. |. 120642 . 240377 
. 025642 || 62) . 124761 | 90} . 244716 
. 027939 "|| . 128904 . 249052 
. 030348 || . 133069 . 253385 
. 032867 | . 137254 | 25715 
035493 ~ | |. 141455 262042 
. 038221 ] . 266365 

















Temperature Scale between 14° and 83° K 365 


Spencer's method of smoothing does not yield values at the extreme 
ods of the table. At the upper end of the table the International 
Temperature Scale supplied the missing values. At the lower end 
»ce was made of the equation R= A+ BT?+ CT* proposed by Landau 
and Pomerantschusk ! and also by Baber.” These authors point out 
‘hat the term in 7? should be important in metals such as platinum, 
xhich have incomplete inner shells of electrons. This equation fits 
‘he experimental data for thermometer L6 very well up to 15° K, 
ijt above this temperature the deviations rapidly become large. 
Values of the constants found for thermometer L6 were 

A=0.067238 

B=1.04350 10-4 

C=2.74577 X10". 
With this set of constants the 7° term is negligible below about 5° K 
nd reaches 90 percent of the 7? term at 15° K. The range in which 
the equation was used (10° to 15° KX) is too small to provide a thorough 
st, although it does represent a change of 50 percent in absolute 
»mperature. However, it was considered sufficiently good to be 
xed to extend the table down to the lowest temperature measured. 

The results of the intercomparison of the various resistance ther- 

meters are shown in figure 4, where the differences Aw,=w,;—Wyz, 
have been plotted against the absolute temperature (the index 7 refers 
to any one of the calibrated platinum thermometers). From the 
original large-scale graphs, values of Aw, were read off at every degree. 
These values, taken with tabie 5, are equivalent to a separate table 
for each platinum thermometer, all agreeing among themselves to 
within the accuracy of the resistance measurement. Since, except at 
the lowest temperatures, the precision of the resistance thermometry 
was of the order of ten times the precision of the gas thermometry, the 
additional step of intercomparison introduced little additional error. 
Tables of Aw, have not been included, since they are useful only in 
conjunction with a particular group of thermometers. 

The 90Pt:10Rh thermometer M1 cannot be used with table 5. 
Figure 5 shows the temperature dependence of the resistance of M1, 
after subtracting a constant resistance of 32.5 ohms. The lower curve 
represents the resistance of the pure platinum thermometer L6. It 
can be seen that the addition of 10 percent of rhodium corresponds 
roughly to the addition of a constant resistance of 32.5 ohms to a 
thermometer such as L6. Matthiessen’s rule, which may be stated 
in the form “resistance due to impurity is independent of tempera- 
ture” is seen to hold even when the amount of rhodium “impurity” 
is as large as 10 percent. 

In resistance thermometry the most common problem is that of com- 
puting a temperature from a measured resistance. With table 5 this re- 
quiresinverse interpolation, which is more difficult than direct interpola- 
tion. In addition, linear interpolation is insufficiently accurate in this 
table below 80° K, according to the usual rule that second differences 
should not exceed 4. Accordingly, table 6, page 366, was made up, the 
values being found from table 5 by quadratic interpolation. Entries in 
this table are so closely spaced that linear interpolation introduces no 
error greater than 0.0005° above 19° K and no error greater than the 
equivalent of % unit in the last figure of w below this temperature. 
LT 


"L. Landau and I. Pomerantschusk, Jon L Z. Sowjetunion 10, 649 (1936). 


",W. G. Baber, Proc. Roy. Soc. (London 
128082—39 7 


A] 158, 383 (1937). 
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TABLE 6.—Resistance-temperature table arranged for linear interpolation 
on platinum thermometer L6 


(Linear interpolation yields temperatures correct to the nearest 0.001° above 19° K, and correct 
alent of the nearest unit in the last figure of w below this temperature. w=pP Ry to the equ 





Ww 


0. 002800 ' || 0. 004500 595 0. 007800 | 21 


2850 é | 4600 . 7900 
7160 || 2110 || 
2900 . 8 | 4700 : 8000 
6700 | 2030 
2950 17: 4800 8100 
6260 || 1970 
3000 . 48 4900 : 8200 
5860 1910 
3050 : 5000 : 8300 | < 
5520 1860 | 
3100 * 5100 ; 8400 | § 
5160 || 1800 | 
3150 2. | 5200 ‘ 8500 | 2: 
4880 1770 
3200 a 5300 . 8600 | ‘ 
4640 1710 | 
3250 i 5400 } 8700 | : 
4 1] ss 1680 
3300 1] 5500 8800 
| 1630 
3350 | 13. : 5600 : 8900 
= 1600 
3400 | 13. 5700 . 819 9000 
1560 
3450 : 5800 . O7¢ een ee 





3500 | 13. | 5900 | 19. 0. 009000 
3600 
| 6000 | 19. 9200 
3480 
6100 | 19. 9400 
3360 | | 
6200 | 19. 9600 | 
3260 : } 
6300 | 19. 70: 9800 | : 
3160 
6400 | 19. 0. 010000 
3060 
6500 | 19. - 010200 


3800 
2980 
5 6600 | 20. 010400 


3850 

2900 

3900 D. 6700 . 2 . 010600 
2840 

3950 ; 6800 ; . 010800 


2740 
4000 5. 6900 ; . 011000 


4050 | 15.506 7000 011200 
4100 | 15.637 7100 - 011400 
4150 — 7200 | 20. _ 011600 
4200 = 7300 | 20. 011800 | 
7400 - 012000 
0. 004200 | 15. 7500 | 21. 012200 

4300 | 16. 7600 | 21. 012400 


23 
4400 7700 : . 012600 
2 





3550 
3600 
3650 
3700 
3750 
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Resistance-temperature table arranged for linear interpolation. Based on 
platinum thermometer L6—Continued 





4T 


Aw 


AT 


Aw 





013000 | 26 


018200 
013400 
013600 
013800 
114000 


014000 





014300 | 26. ¢ 


14600 


014900 


{ 15200 r 


015500 , 


637 


623 


617 


015800 | 2 


607 


016100 | 28 


016400 | : 


016700 : 


. 017000 
017800 
. 017600 
017900 
018200 
. 018500 
. 018800 
019100 
. 019400 


. 019700 


. 020000 | ¢ 


), (20000 

020500 
. 021000 
. 021500 








| 


| 


600 


593 


31. 051 


0. 022000 
. 022500 
. 023000 
. 023500 
. 024000 
. 024500 
. 025000 
. 025500 
. 026000 
. 026500 
. 027000 
. 027500 
. 028000 
. 028500 
. 029000 
. 029500 
. 080000 
. 030500 
. 031000 
. 031500 
. 032000 
. 0382500 
. 083000 
. 033500 
. 034000 
. 034500 
. 035000 
. 035500 
. 086000 
. 086500 
. 037000 
. 037500 
. 038000 
. 038500 








2. 937 
33. 159 
3. 379 
33. 597 
. 813 
34. 026 
4, 237 

. 446 
34. 653 
. 858 
35. 062 
35. 263 


35. 463 





Ww 


0. 039000 
. 039500 
. 040000 


T AT 
Aw 


. 279 
. 457 


. 634 


356 





. 040000 
. 041000 
. 042000 
. 043000 
. 044000 
. 045000 
. 046000 
. 647000 


. 048000 | ¢ 


. 049000 
. 050000 
. 051000 
. 052000 
. 053000 
. 054000 
- 055000 
. 056000 
. 057000 
. 058000 
. 059000 
. 060000 
. 061000 
. 062000 
. 063000 
. 064000 
. 065000 
. 066000 
. 067000 
. 068000 
. 069000 





38. 634 
38. 984 
9. 3380 
39. 672 
. O11 
. 346 
. 678 
. 007 
. 333 
. 656 
. 976 
2. 294 
2. 608 
2. 921 
3. 231 
3. 538 
3. 844 
. 147 
. 448 
. 748 
5. 045 
5. 341 
5. 634 


5. 926 





368 Journal of Research of the National Bureau of Standards 1, 


iM 


TABLE 6.—Resistance-temperature table arranged for linear interpolation. Bas, ae 
platinum thermometer L6—Continued <7 





| 
AT ™ , AT 
Aw Aw 





0. 070000 ‘ 0. 104000 | 56. 887 0. 150000 
‘ 250. 5 
. 071000 : . 106000 . 388 . 155000 
249. 5 
. 072000 . 48% . 108000 | 57. 887 - 160000 
249. 0 
. 073000 : . 110000 . d8d . 165000 
247.5 
. 074000 9. . 112000 | 58. 880 | . 170000 

, 246.5 
. 075000 ; . 114000 9, 373 . 175000 
246.0 
. 076000 | 49. . 116000 | 59. 865 . 180000 
245.0 || 
. 077000 F . 118000 . 855 . 185000 
244.5 
. 078000 ; . 120000 . 844 . 190000 
243.0 || 
. 079000 } . 122000 . 330 | . 195000 

243.0 
. 080000 | 50. 66 . 124000 1. 816 . 200000 
242.0 
. 126000 52. 300 . 205000 
. 080000 : 241.0 
268. 0 . 128000 32. 782 . 210000 
. 082000 : 241.0 
266. 0 . 1380000 . 26: . 215000 
. 084000 . 240.0 
. 132000 . 74: . 220000 
. 086000 * 239.5 || 
|| . 1384000 » BBE . 225000 
. 088000 . 18 239. 0 
. 136000 : . 230000 
. 090000 238. 5 
. 188000 : . 235000 

. 092000 


. 140000 | 65. . 240000 
. 094000 

. 142000 | 66. . 245000 
. 096000 

. 144000 | 66. . 250000 
. 098000 : 

. 146000 | 67. . 255000 
. 100000 36. 

. 148000 | 67. . 260000 
. 102000 
. 150000 | 68. . 265000 
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After the calibration and intercomparison had been complete) 
resistance thermometer L3 was installed in a calorimetric appargt, 
in which the vapor pressure of hydrogen could be measured, and }; 
which the triple point could be located calorimetrically.  Vq)y), 
found for the resistance of L3 at the triple point and boiling D ae 
of normal hydrogen are given in table 4. The resistances of 4}, 
other thermometers at these fixed points were found by adding {}; 


| | | 





THERMOMETER Mi 
Pt-IO%Rh 

AFTER SUBTRACT- 
ING 32.5 OHMS 


“THERMOMETER L6 
PURE Pt 








it | 
20 40 60 80 100 


Figure 5.—Temperature dependence of the resistance of pure platinum compared 
with that of an alloy containing 10 percent of rhodium. 





appropriate values of Aw,, as determined by the intercomparison: 
The temperatures corresponding to these resistances are 


triple point—13.96° K 
poling point—20.39° K. 


The most recent of the previously reported values for these fixed 
points are 13.96° K by Henning and Otto *! for the triple point, and 
—252.754° C (20.37,° K) by Keesom, Bijl, and Van der Horst,” 
and 20.38° K by Heuse and Otto * for the boiling point. A summary 
of work on low-temperature fixed points has been given by Hennig 
and Otto.* 

Three years prior to obtaining the above values, thermometer l/ 
had been used in an apparatus for determining the vapor pressure ¢: 
hydrogen, and its resistance at the boiling point of normal hydrogen 

31 F. Henning and J. Otto, Phys. Z. 37, 601 (1936); 37, 633 (1936). 


32 W.H. Keesom, A. Bijl, and H. van der Horst, Leiden Commun. 217a (1931). | The pressure co 
used by these authors was 0.0036609, whence 7'40=273.157 or using the Leiden value of T,— 7 in tabs 
To= 273.13. With this value of To the boiling point is 20.37s° K rather than 20.336, the value given In bt 
ning and Otto’s summary. 

% W. Heuse and J. Otto, Ann. Physik 9, 486 (1931). 


% F, Henning and J. Otto, Phys. Z. 37, 633 (1936). 
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pad been determined. The temperature computed from this resistance 
agreed Within slightly less than 0.01° with that given above. This 
yas considered satisfactory, in view of the fact that the two deter- 
minations were made with entirely different apparatus and with 
diferent resistance thermometers. 


VII. ESTIMATION OF ERRORS 


Pressure. —Uncertainty in the pressure measurements is responsible 


Fior a large part of the scattering of the data. The height of the 


mercury column could be read on the calibrated glass scale to about 
)1 mm, Which is equivalent to about 0.01°.. The uncertainty in 
ihe temperature of the column was reduced by surrounding it with 
jiht aluminum shields, leaving only the two menisci exposed. Even 
«), it was found necessary on some occasions to circulate the air in 
the room to keep the top and bottom of the column at the same 
temperature. 1 feniscus corrections were made, although the menisci 
were so regular that they could for the most part have been omitted. 
Thermal transpiration might be expected to set up a pressure gradient 
in the capillary. R. B. Scott of this Bureau investigated the effect 
for helium. His results (unpublished) are in substantial agreement 
with the theory,” and indicate that the pressure at the two ends of 
the gas-thermometer capillary could not have differed by more than 
).003 mm even under the most unfavorable conditions. 

Pressure-transmitting volume.—Errors in the corrections for the 
pressure-transmitting volume may be due either to errors in the 
volume ratios V/V or to errors in the determination of the tempera- 
tures 7;. The temperatures obtained from thermocouple readings 
were computed from the equation, emf=a+b7?+c7°+dT", proposed 
by Ahlberg and Lundberg,” the constants being determined by cali- 
bration at the boiling and triple points of hydrogen and in liquid air 
at normal and reduced pressure. Of the V, the most uncertain was 
the volume where the capillary joined the manometer. This volume 
was subject to fluctuation, not only because of the difficulty of setting 
the mercury meniscus exactly on the tip of the pointer, but also be- 
cause of variations in meniscus height. In the 11-mm manometer 
tube used, a change in meniscus height from 1.4 to 1.6 mm would 
increase the transmitting volume by 14 mm ® according to data in 
the International Critical Tables. In our work variations in meniscus 
height were actually more serious in their effect on the transmitting 
volume than in their effect on the pressure. 

Thermal expansion of bulb—The change in volume of the copper 
bulb from 11° K to 90° K calculated from eq 3 is about 0.11 percent. 
An error of even 4 percent in the mean expansion coefficient over this 
rnge would give rise to a maximum error in temperature of only 
slightly over 0.001°. 

_ Thermometer constant C.—By obtaining the thermometer constant 
i the particular manner described in the section on procedure and 
calculations, continuity with the International Temperature Scale is 
secured. The value 90.19° K accepted for the oxygen point in deter- 
mning C may be in error either because of uncertainty in the value 
—182.97° C assigned to the oxygen point on the International Tem- 


: M. Knudsen, Ann. Physik 83, 797 (1927). 
‘J. E, Ahlberg and W. O. Lundberg, J. Am. Chem, Soc. 57, 2722 (1935). 
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perature Scale or because of uncertainty in the value 273.16° K yx sed 
for the ice point. Since the error introduced in this way is propor 
tional to the temperature, it will in any case be very small at tj, 
lower end of the scale. . 

Since C is inversely proportional to the mass of gas in the age 
eter, any loss of gas from the system or change in the effective ma 
by adsorption will cause error unless corrected for. The loss by dif. 
fusion during a single run was entirely negligible. An estimate of the 
thickness of ‘the layer of gas which would have to be adsorbed to pro- 
duce appreciable error led us to conclude that this effect was probably 

negligible. 

Reduction to the thermodynamic scale.—The corrections used to red) ice 
to the thermodynamic scale were taken from the results of other jp. 
vestigators. The error introduced is probably small at the higher 
temperatures but may be rather important below the boiling point of 
hydrogen. 


VIII. COMPARISON WITH PREVIOUS WORK 


Comparison of the temperature scales set up by different laboratories 
is chiefly a matter of comparing the values assigned to fixed points 
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Fiagure 6.—Comparison of thermometers calibrated by other laboratories with 
thermometer L6. 


AWi=Wi—Wiade 5 Bd w=R/Ro. 


However, some additional information may be obtained by combining 
the data of the different laboratories to obtain graphs similar to figure 
4. This is of course only possible when the resistance thermometers 
are of the same material. Figure 6 is such a graph, utilizing recent 
results from Leiden” and the Reichsanstalt.* ” Taking table 5 as 
a standard, A wi=wWi—Wravie has been plotted against the absolute 
rfaescccerarsins ly It will be seen that the deviations are much larger than 
those found by intercomparison of our own thermometers. — This is 
robably due chiefly to greater differences in the samples of platinum. 
owever, the deviation curves are not as smooth as those of our own 
thermometers, and this lack of smoothness is probably associated with 


7 W. H. Keesom and A. Bijl, Physica 8, od (1936). (Leiden Commun. 242b). 
ur Henning and J. Otto, Phys Z. 87, 601 (1936); 
% F, Henning and J. Otto, Actes 6 éme congr. int. froid (Buenos Aires) 2b, 257 (pub. 1935). 
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used differences in gas thermometry. It should be emphasized that the 
por. -hoice of a standard table was arbitrary and that if the table of another 
the HE Jaboratory were chosen the deviations of our thermometers would 
show a corresponding lack of smoothness. The 11 thermometers 

‘or which Aw; is plotted in figures 4 and 6 represent platinum from 
ot least three different sources. Such a sampling is too limited to 
lo low any general conclusions to be drawn. However, it is of interest 
, point out certain characteristics of these 11 thermometers. Since 
‘ance thermometers are supposedly constructed only of platinum 

ch p urity, it is to be expected that their curves of w versus 7’ will 

he very similar in form. All such curves have a common point at 
and it is evident that if their slopes at this temperature are very 

rly equal, values of Aw, will be small for a considerable distance 
her side of 0° C. At low temperatures, however, values of Aw, 
become large, even though the curves may still be nearly parallel. 

eral of the deviation curves of figures 4 and 6 illustrate this type 
ehavior. Between 60° and 90° K, for example, the curves of 

mre 4 are all parallel to the Z-axis to within the equivalent of 
+ 0.01°. In figure 6 all the curves except one are approximately 
arallel to the Z-axis. The exception is the Leiden thermometer Pt 
50, for which the platinum was prepared *® by decomposition of 


om 
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